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ABSTRACT

This project was composed of two separate studies. In one study, the species of
Phytophthora that have been found associated with diseased floriculture crops in South
Carolina and four other states were characterized and identified using molecular (RFLP
fingerprints and DNA sequences for ITS regions and cox I and II genes), morphological
(sporangia, oogonia, antheridia, oospores, and chlamydospores), and physiological
(mating behavior and cardinal temperatures) characters. In addition, sensitivity to the
fungicide mefenoxam was determined. In all, 87 isolates from 63 host plants that were
collected over a 13‐year period (1996 through 2008) were examined. Host plants came
from 46 genera in 24 families. Seventy‐four isolates came from plants grown in 16
counties in South Carolina, and 13 isolates came from plants grown in four other states:
Maryland, New York, North Carolina, and Virginia.

In all, 12 different species of

Phytophthora were identified—including ten known species and two previously
undescribed and potentially new species. The known species were: P. nicotianae (26
isolates), P. cinnamomi (14 isolates—including one isolate of P. cinnamomi var.
parvispora), P. palmivora (13 isolates), P. drechsleri (10 isolates), P. cryptogea (8
isolates), P. citrophthora (4 isolates), P. citricola (4 isolates), P. capsici (2 isolates), P.
tropicalis (1 isolate), and P. megasperma (1 isolate).

Based on molecular and

morphological characters, four isolates appeared to belong to previously undescribed
and potentially new species. Fifty‐eight of the host‐pathogen associations investigated
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have not been reported previously and are new records. In the second study, a pre‐
plant sanitation treatment with 10% household bleach (i.e., 0.6% NaOCl) was applied to
dormant bare‐root daylily and hosta plants, and the effects on subsequent plant growth
and development were determined. Plants were soaked for 0, 1, 5, and 10 minutes,
rinsed in tap water, planted in pots, and grown for 40 to 56 days. These treatments
proved to be safe to use. Plants that were soaked in bleach solution for 1 to 10 minutes
before planting grew just as well as plants that were not soaked in bleach solution, and
no evidence of deleterious effects on plant growth and development was found.
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LITERATURE REVIEW AND INTRODUCTION
IMPORTANCE OF PHYTOPHTHORA SPECIES TO FLORICULTURE CROPS

Damage from plant diseases results in substantial economic losses to agricultural
crops each year (Baker & Linderman 1979, Daughtrey & Benson 2005, Jones & Benson
2001, Rossman & Palm 2006). Diseases are a major limitation for sustained production
of ornamental crops due to demand for unblemished plants and plant organs, and
species of Phytophthora are among the most important pathogens causing diseases on
these crops (Baker & Linderman 1979, Chase et al. 1995; Daughtrey et al. 1995; Erwin &
Ribeiro 1996, Gill et al. 2006, Jones & Benson 2001). Regional, national, and
international movement of large volumes of plant material is common in the floriculture
industry. It is possible that propagules of these pathogens can be dispersed long
distances on infected or infested plant material and cause a disease outbreak where
they have been introduced (Baker & Linderman 1979, Daughtrey & Benson 2005, Hwang
& Benson 2005, Jones & Benson 2001). As a result, plant pathologists need to accurately
identify causal agents to better understand pathogen biology and ecological
relationships, so effective disease management strategies can be developed.
The Ornamental Plant Industry
Nature of the industry. The ornamental crops industry uses a diversity of plants
like no other one. Baker and Linderman (1979) estimated that 1100 genera of plants
were grown as ornamental crops in 1979, and since then, this number has only
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increased. Among the reasons for this increase is the introduction by plant breeders of
new genera, species, cultivars, and lines with unique characteristics desirable in the
consumer market and the introduction of plants from exotic locations to the ornamental
crop market. Ornamental crops can be divided into annual and perennial crops or
herbaceous and woody crops, and they can be produced from seed or by vegetative
propagation. The presence of many different plant types at any production site
complicates all management decisions, including those related to plant health
(Daughtrey & Benson 2005, Jones & Benson 2001).
Importance of the industry. One of the unique features of the ornamental crops
industry is the relatively high value on the commodities produced (Baker & Linderman
1979). As the production of ornamental plants expands, its importance increases in the
United States as an agricultural enterprise. The position of the ornamental crops
industry is much less institutionalized than the rest of the agricultural production, and
growers do not enjoy the same government subsidies or a proportionate quantity of
public funding for research (Daughtrey & Benson 2005, Hamrick 2003). Although usually
considered as minor crops, this industry has a very substantial collective value.
The ornamental plant industry has been one of the fastest growing sectors of
agriculture in the United States from 1996 to 2007 (Jerardo 2007). Based on grower
sales receipts, it has increased from $11.3 billion in 1996 to $16.9 billion in 2006. The
total value has increased consistently every year for 40 years: 1966 to 2006. The
Southern region of the United States (considered to be Alabama, Arkansas, Delaware,
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Florida, Georgia, Kentucky, Louisiana, Maryland, Mississippi, North Carolina, Oklahoma,
South Carolina, Tennessee, Texas, Virginia, and West Virginia) had the most sales of
ornamental crops in the United States in 2006, with a value of $6.6 billion. The 2008
wholesale value of flowering plants alone was $698 million, and potted herbaceous
perennials were valued at $526 million.
In South Carolina, grower sales receipts increased 80% between 1996 and 2006,
from $176 to $283 million. Over the last several years, production of greenhouse and
nursery crops has been the second leading agricultural commodity and the leading
agricultural plant commodity in South Carolina (e.g., $283 million in 2006 = 1.7% of USA
total), representing 16.4% of the annual state revenue. Cash receipts from this industry
were estimated to be $270.5 million, and the estimated value of the floriculture crop
industry alone was over $78 million. In contrast with the rest of the country where there
was a 2% decrease in wholesale value of all ornamental plants from 2007 to 2008, there
was a 5.6% increase in South Carolina—from $92.75 million in 2007 to $97.95 million in
2008—which included herbaceous perennial plants that went from $66.2 million in 2007
to $70.8 million in 2008 and potted flowering plants that went from $10.2 million in
2007 to $13.5 million in 2008 (Jerardo 2007, USDA: http://www.ers.usda.gov/
StateFacts/SC.htm#TCEC).
Floriculture crops. Jerardo (2007) defines floriculture crops as ornamental plants
without woody stems (i.e., annual and perennial plants), including bedding and garden
plants, cut flowers, cut cultivated greens, potted flowering plants, indoor foliage plants,
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and unfinished propagation material. All other ornamental plants are classified as
nursery crops.
Plant health management. Because of the high value of ornamental crops, the
diversity of plant material in the industry, and the unique growing conditions (e.g.,
greenhouses, nurseries, container production, etc.), a primary concern for producers of
ornamental crops has been the development of plant health management programs
that include preventative conditions to avoid disease development, availability of clean
plant propagation stock, accurate and timely diagnosis of diseases when they occur, and
effective disease management strategies (Baker & Linderman 1979, Daughtrey &
Benson 2005, Dreistadt 2001, Jones & Benson 2001, Schumann & D’Arcy 2006).
Sanitation practices (i.e., disinfestation of plant material, soil, container mix, equipment,
and irrigation water) are among the most important and effective disease management
practices for ornamental crops (Baker & Linderman 1979, Daughtrey & Benson 2005,
Dreistadt 2001, Jones & Benson 2001, Schumann & D’Arcy 2006). Other key aspects of
plant health management for floriculture and nursery crops include starting with clean
propagation material, scouting, and correct identification of diseases (Jones & Benson
2001, Hamrick, 2003). After detection, accurate diagnosis of the specific problem is the
next step because identification of the pathogen is critical for making proper
management decisions. Plant disease diagnoses usually are conducted by a diagnostic
laboratory operated by a state‐funded land‐grant university or by a private company or
consultant (Daughtrey & Benson 2005, Jones & Benson 2001).
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The use of fungicides has played a very important role in prevention and
management of plant diseases on ornamental crops. The oomycete‐specific fungicides
metalaxyl and mefenoxam are among the most commonly used fungicides on
ornamental crops (Jones & Benson 2001). Isolates of some species of Phytophthora
recovered from ornamental plants have been reported to be resistant to mefenoxam
(Hwang & Benson 2005, Lamour et al. 2003; Eisenmann & Jeffers unpublished), so
alternative fungicides have been developed or are under development for use against
diseases caused by these pathogens (Benson & Parker 2006, 2005 Hausbeck & Harlan
2006, Hausbeck et al. 2005).
Diseases in the ornamental plant industry. There have been several major
disease outbreaks in the ornamental plant industry since Baker and Linderman reviewed
this topic in 1979, and these have been summarized by Daughtrey & Benson (2005). For
example, bacterium diseases and tospoviruses had the most impact on the greenhouse
industry, and sudden oak death caused, by Phytophthora ramorum, has had a major
impact on the nursery industry. Crown rot, root rot, and leaf blight caused by species of
Phytophthora, Pythium, Rhizoctonia, Sclerotium, and Botrytis as well as other diseases
caused by nematodes are among the more common diseases that regularly affect
herbaceous perennial plants (Gill et al. 2006, Gleason et al. 2009; Hamrick 2003). These
are only a few examples of the diversity and wide range of host‐pathogen interactions
that, despite all of the scientific and technological advances in recent years, have
challenged the development of effective plant disease management programs for
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ornamental plants. In 1988, Cline et al. described many of the research needs in
pathology for ornamental plants that still are relevant. However, as the industry evolves
and moves forward, there is a constant need of investment in both research and
extension due to the constant challenge to manage diseases of ornamental plants
where changes in crops and cropping systems are required constantly (Daughtrey &
Benson, 2005).
Phytophthora species
Importance of Phytophthora spp. in the floriculture industry. Oomycetes, a
group of microorganisms that includes those in the genus Phytophthora, are classified as
“non true fungi” and include many common water molds and some of the world’s most
damaging plant pathogens (Rossman & Palm 2006). Many species of Phytophthora are
known to cause a wide range of diseases on landscape plants and forest trees as well as
on agricultural crops of all types (Dreistadt 2001, Erwin & Ribeiro 1996, Farr et al. 1989).
Phytophthora species are among the most economically important pathogens attacking
floriculture crops throughout South Carolina, the Southeast, and elsewhere and affect
plants in nurseries, greenhouses, and landscapes (Hwang & Benson 2005, Eisenmann
2003, Erwin & Ribeiro 1996, Daughtrey et al. 1995, Lamour et al. 2003). A number of
species of Phytophthora are known to cause root rot, crown rot, and foliage blight on a
variety of floriculture crops grown in nurseries, greenhouses, and landscapes—including
P. cinnamomi, P. citrophthora, P. cryptogea, P. drechsleri, P. nicotianae, P. palmivora,
and others—and many of these species have a broad host range (Chase et al. 1995,
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Daughtrey et al. 1995, Dreistadt 2001, Erwin & Ribeiro 1996, Farr et al. 1989, Gleason et
al. 2009).
P. nicotianae, P cryptogea, and P. drechsleri are examples of species that cause
root rots that affect herbaceous perennial plants (Hamrick 2003). These pathogens
usually are considered as being soilborne—i.e, they survive in soil even in the absence of
host plants; however, some species of Phytophthora primarily stay associated with their
host plants and plant debris and do not survive extended periods free in the soil
(Gleason et al. 2009, Jones & Benson 2001). Because most species are soilborne and
attack plant roots,prolonged periods of saturated soil—resulting from excessive
irrigation or poor soil drainage—can lead to serious disease problems by mobilizing
zoospores and stressing plant root systems (Daughtrey et al. 1995, Gleason et al. 2009,
Hamrick 2003, Jones & Benson 2001). High temperatures and relative humidity tend to
enhance many of the diseases caused by Phytophthora spp. (Hamrick 2003).
Biology. The biology of Phytophthora spp. is what makes these fungus‐like
organisms successful plant pathogens. This topic has been reviewed extensively by
several authors (e.g., Erwin & Ribeiro 1996, Schumann & D’Arcy 2006). Phytophthora
spp. can be disseminated over both short and long distances in water and with soil and
plant material that are moved from site to site. They can survive long periods of time
under unfavorable conditions by producing thick‐walled spores, i.e. oospores and
chlamydospores, that are resistant to desiccation and tolerant of other adverse
environmental conditions.
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Oospores are sexual structures formed from the union of an antheridium and an
oogonium and are produced readily by homothallic species—which can reproduce
sexually without the presence of another isolate of opposite mating type.
Chlamydospores are asexual spores that are produced by some homothallic species and
many heterothallic species. Heterothallic species are ones that require an opposite
mating type for sexual reproduction to occur. Sporangia are sac‐like structures in which
biflagellate zoospores develop; zoospores are adapted for dispersal in water upon
release.).
Taxonomy. Historically, a range of morphological and physiological criteria has
been used to classify members of this genus (Erwin & Ribeiro 1996, Stamps et al. 1990,
Waterhouse 1963, Waterhouse et al. 1983), including sporangium and sporangiophore
structure, presence or absence of chlamydospores, type of antheridium attachment,
mating behavior, cardinal temperatures for growth, and host specificity. However,
identifying species of Phytophthora by morphological features can be a challenge and it
often takes several weeks to confirm identity. In addition, morphologically similar
species can be difficult to separate due to natural variation within a species and
overlapping characteristics among species, which often can require substantial expertise
in Phytophthora taxonomy (Dick 2001, Elliot 1983, Ferguson & Jeffers 1999, Martin and
Tooley 2004).
Because of these inherent difficulties in culture‐based methods, taxonomists
have turned to molecular fingerprinting techniques that rely on unique patterns or
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sequences present in the genome of an organism. In particular, DNA‐based techniques
have become an effective means for identification of plant pathogens. The ability to
genetically fingerprint individual fungus and oomycete isolates provides an enhanced
capability for rapid and accurate identification, which can aid in detection,
epidemiological studies, and disease management (Duncan & Cooke 2002; Kong et al.
2003, Ristaino et al. 1998). More recently, morphologically similar Phytophthora species
have been effectively separated and identified with molecular analyses—e.g.,
sequences from nuclear and mitochondrial DNA regions. During the past five years,
interest in identification of species of Phytophthora has been stimulated with the
introduction of powerful phylogenetic tools for analyzing sequences of specific DNA
regions. Currently, phylogenetic relationships among species of Phytophthora have
been developed based on the internal transcribed regions (ITS) of rDNA and the
mitochondrially encoded cytochrome oxidase I and II genes (Briard, et al. 1995, Cooke et
al. 2000, Kroon et al. 2004, Martin and Tooley 2003). However, genetic relationships
among species that resulted from cladograms based on ITS sequence analyses (Cooke et
al. 2000) did not agreed with the grouping of species based on similar morphological
characters

(Waterhouse

1963).

Integration

of

morphological

and

molecular

identification methods for the description of new taxa has greatly enhanced knowledge
on the taxonomy of the Oomycetes. By using molecular methods, hybrids between
species also have been discovered in recent years (Brasier et al. 2003a, 2003b, 2004;
Man in ‘t Veld et al. 1998; Niremberg et al. 2009).
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The Oomycota is a group of organisms that consists of more than 800 species,
which may be saprobic or parasitic on terrestrial or aquatic plants and animals. This
group of microorganisms has been known to cause many serious plant diseases that
result in considerable damage to agricultural crops and natural ecosystems each year—
i.e., late blight of potato caused by P. infestans, cacao black pod caused by P.
megakaria, tobacco blue mold caused by Peronospora tabacina, sudden oak death
caused by P. ramorum, jarrah dieback caused by P. cinnamomi, and many root rots
caused by Phytophthora spp. (Erwin & Ribeiro 1996, Farr et al. 1989). For many years,
oomycetes were considered true fungi (Eumycota) because they obtain their nutrients
by absorption and many of them produce mycelium and spores, which are characteristic
of many fungi. However, they are now classified in a distinct kingdom based on a
number of unique characteristics.
All oomycetes produce zygotes as diploid oospores after fertilization of haploid
oospheres by haploid nuclei from antheridia; in true fungi, sexual reproduction results in
zygospores, ascospores, or basidiospores. In the Oomycota, the cell walls are composed
of beta‐glucans and cellulose rather than chitin as in true fungi. Oomycetes produce
motile zoospores with two different kinds of flagella (i.e., heterokont zoospores): one
oriented posteriorly (whiplash) and an anteriorly oriented flagellum (tinsel) that has a
fibrous, ciliated structure. The nuclear state of the vegetative mycelium exists primarily
in a diploid state, and the hyphae are generally coenocytic (without septa). In true fungi,
most of the mycelium is divided into cells by septa, with each cell containing one, two,
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or more haploid nuclei (except for the Zygomycota). The mitochondria of the
Oomycetes have tubular cristae (internal compartments formed by infoldings of the
inner membrane) instead of flattened cristae, like those in the true fungi (Rossman &
Palm 2006). An additional biochemical difference between the Oomycetes and true
fungi can be found in the lysine and tryptophan biosynthetic pathways (Hardam et al.
1994).
New tools for determining phylogenetic relationships, such as molecular
sequence data, combined with ultrastructural similarities (e.g., presence of tubular
flagellar hairs or mastigonemes) confirm that the Oomycota share a common ancestor
with other members of the heterokont algae (i.e. Chromista, which include brown algae,
yellow‐green algae, golden algae and diatoms), currently called kingdom Straminipila
(Barr 1992, Dick 2001, Patterson & Sogin 1992, Rossman & Palm 2006). Comparison of
sequence data of rDNA ITS regions also have shown a different picture of relationships
among genera within the Oomycetes (Hardam 2005). Phytophthora is a complex genus
of this group, and its classification has undergone major changes in recent years (Dick,
2001). The current classification of the genus, according to the CABI Bioscience
Database (www.indexfungorum.org) is:
Kingdom – Chromista (Straminipila)
Phylum – Oomycota
Class – Oomycetes
Subclass – Peronosporomycetidae
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Order – Peronosporales
Family – Peronosporaceae
Genus – Phytopthora
The genus Phytophthora previously has been confirmed as a monophyletic group
(Gunderson et al. 1987, Van de Peer & De Wachter 1997), and species of Phytophthora
fall into clades that have a composition similar to the six morphological groups
recognized by Waterhouse (Blair et al. 2008, Waterhouse 1963, Waterhouse et al.
1983).
In 1996, Erwin and Ribeiro’s classic reference book “Phytophthora Diseases
Worldwide” mentioned approximately 60 species that had been described to date, and
relatively few new species had been described in the 10 years prior to the publication of
this book. However, in the 13 years since publication, more than 30 species have been
either described or proposed—using both morphological and molecular characters (Blair
et al. 2008, Farr et al. 2008, Gallegly & Hong 2008). For many of these newly‐reported
species or proposed species of Phytophthora, sequences from the ITS region of rDNA,
translation elongation factor (TEF) 1 alfa, β‐tubulin, and the cox I and II genes are
deposited with at least one of three online databases: the National Center for
Biotechnology Information (i.e., GenBank: www.ncbi.nlm.nih.gov/) currently has the
most entries; the Phytophthora Database (www.phytophthoradb.org/), which is an
ongoing project at the Pennsylvania State University; and Phytophthora‐ID
(www.phytophthora‐id.org/)‐‐a relatively new database being developed by a
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collaborative effort between Oregon State University and the USDA‐Agricultural
Research Service.
Research Project
My research project had two separate aspects. In one study, I investigated the
species of Phytophthora that have been found associated with diseased floriculture
crops in South Carolina. Most of the isolates came from plant samples submitted to the
Clemson University Plant Problem Clinic over a period of 13 years (1996 through 2008).
These isolates are part of a permanent collection maintained in our laboratory.
However, a few isolates came from plant samples from four other states that were sent
directly to our lab for diagnosis or identification. Previous research by another graduate
student, Jessica A. Eisenmann (2003), demonstrated that P. nicotianae is the species
most frequently encountered on floriculture crops in South Carolina but that P.
palmivora, a morphologically similar species, also can be present on these plants. My
challenge was to identify the other species of Phytophthora that had been isolated from
floriculture plants and to identify new hosts of P. nicotianae and P. palmivora—based on
samples that were received after those that were included in the previous study by
Eisenmann.
The second part of my research project was to evaluate the effects of a pre‐plant
sanitation treatment on subsequent growth and development of two perennial plants.
This project arose because a large‐scale production nursery was having problems with
incipient infections on hosta and daylily plants. These plants occasionally developed
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root rots caused by Rhizoctonia spp., Pythium spp., and Phytophthora spp. that
appeared to have been initiated by pathogen propagules present on dormant bare‐root
plants at the time of planting. A pre‐plant sanitation treatment with 10% household
bleach was recommended by Dr. Jeffers, but trials were needed to demonstrate that
such a treatment did not pose a health risk to plants. Therefore, I evaluated the effects
of this treatment on the growth and development of hosta and daylily plants.
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CHAPTER TWO
SPECIES OF PHYTOPHTHORA ASSOCIATED WITH FLORICULTURE CROPS
IN SOUTH CAROLINA AND SEVERAL OTHER STATES

Introduction
Most species of Phytophthora are economically important plant pathogens
capable of causing significant losses to a multitude of crop plants, including ornamental
crops (Dreistadt 2001, Erwin & Ribeiro 1996). A number of species of Phytophthora are
known to cause root, crown, and stem rots as well as foliage blight on a variety of
floriculture crops grown in greenhouses, nurseries, and landscapes (Chase et al. 1995,
Daughtrey et al. 1995, Gleason et al. 2009, Hwang & Benson 2005). Previous research in
our laboratory by Eisenmann (2003) demonstrated that P. nicotianae is the most
common species attacking floriculture crops in South Carolina but that the
morphologically similar species P. palmivora also attacks several economically important
floriculture hosts. However, other species of Phytophthora also are known to be
pathogens on floriculture crops in South Carolina (Jeffers unpublished). Phytophthora
spp. are widely distributed in nurseries and are present in field soils, container mixes,
symptomatic and symptomless plants, and irrigation water in South Carolina (Ducharme
1998, McCracken 2002; Jeffers unpublished). Similar situations have been reported in
other states in the southeast region (Hu et al. 2008, Hwang & Benson 2005, Lamour et
al. 2003).
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Historically, a range of morphological and physiological criteria has been used to
classify members of this genus (Erwin & Ribeiro 1996, Stamps et al. 1990, Waterhouse
1963, Waterhouse et al. 1983)—including sporangium and sporangiophore structure,
type and attachment of antheridia, mating behavior and oospore production, cardinal
temperatures for growth, and host specificity. However, identifying species of
Phytophthora by morphological and physiological features can be a challenge and time‐
consuming. In addition, morphologically similar species can be difficult to separate due
to natural variation within species and overlapping characteristics among species, which
often requires substantial expertise (Dick 2001, Eisenmann 2003, Elliot 1983, Martin and
Tooley 2004).
Because of these inherent difficulties in culture‐based methods of identification,
taxonomists have turned to molecular techniques that rely on unique patterns or
sequences present in the genome of an organism—particularly DNA‐based techniques
that have become effective means for identification of plant pathogens. The ability to
genetically fingerprint oomycetes provides the capability for rapid and accurate
identification, which can aid in detection, epidemiological studies, and management
(Duncan & Cooke 2002, Hwang & Benson 2005, Kong et al. 2003, Lamour et al. 2003).
More recently, molecular analyses have been used effectively to identify and separate
species of Phytophthora that are morphologically similar. Restriction fragment length
polymorphism (RFLP) analyses of nuclear and mitochondrial DNA and DNA sequence
data have been used to differentiate species of Phytophthora through analysis of
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specific regions, such as the internal transcribed regions (ITS) of the rDNA (Cooke &
Duncan, 1997) and the mitochondrially encoded cytochrome oxidase (cox) I and II genes
(Martin and Tooley 2004, 2003).
Because a previous study in our laboratory focused on the association of P.
nicotianae and P. palmivora on floriculture crops in South Carolina (Eisenmann 2003),
the objectives of this study were to identify other species of Phytophthora that have
been recovered from diseased floriculture plants and to report additional associations of
P. nicotianae and P. palmivora with ornamental plants since the previous study was
completed. Molecular methods were used as the primary means of identification, and
identifications were verified with selected morphological and physiological characters. A
preliminary report has been published (Robayo‐Camacho & Jeffers 2009).
Materials and Methods
Isolates. All isolates used in this study are part of a permanent collection
maintained by S. N. Jeffers at Clemson University. I examined 87 isolates of
Phytophthora spp. that had been recovered from floriculture plants and not studied
previously by Eisenmann (2003); 77 isolates came from plant samples submitted to the
Clemson University Plant Problem Clinic between 1996 and 2008 and 10 isolates came
from samples or cultures sent directly to S. N. Jeffers since 2000 (Table 2.1). These 87
isolates were identified based on molecular (RFLP fingerprints and DNA sequences for
ITS regions and cox genes), morphological (sporangia, oogonia, antheridia, oospores,
and chlamydospores), and physiological (mating behavior and cardinal temperatures)
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characters. Mefenoxam sensitivity also was determined because this fungicide plays a
key role in disease management on ornamental crops, and resistance is known to occur
in some species (Hu et al. 2006, Hwang & Benson 2005, Lamour et al. 2003). All
characters were not examined for each isolate. I also examined 15 isolates of known
identity as standards for comparison (Table 2.2). Therefore, a total of 102 isolates were
examined in this study.
Single‐hypha colonies. All isolates were grown as single‐hypha colonies to
insure integrity and purity prior to identification. Isolates had been stored long‐term on
corn meal agar (CMA; Becton, Dickinson and Company, Sparks, MD) in 8‐ml glass vials at
15˚C in the dark. Isolates were transferred to PAR‐V8 selective medium (Ferguson and
Jeffers 1999) to initiate an active culture. PAR‐V8 contained per liter: 950 ml of distilled
water, 50 ml of buffered and clarified V8 Juice, described below (Campbell Soup
Company, Camden, NJ), 15 g of Bacto Agar (Becton, Dickinson and Company), 10 mg of
pimaricin as Delvocid Instant (DMS Food Specialties, Delft, The Netherlands), 250 mg of
ampicillin sodium salt (Shelton Scientific, Inc., Shelton, CT), 10 mg of rifamycin‐SV
sodium salt (Sigma‐Aldrich, St. Louis, MO); antimicrobial amendments were added after
autoclaving and cooling molten agar to 50˚C. Buffered and clarified V8 juice was
prepared by mixing 1 g of CaCO3 with each 100 ml of V8 Juice; the suspension was
centrifuged at 7000 rpm for 10 min, and the supernatant was decanted and stored
frozen at ‐20˚C until used. Subcultures were held at 20˚C until colonies started to grow
visibly. After 2 to 5 days, a small plug of agar containing a single hypha was transferred
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from the edge of a colony to clarified V8 agar (cV8A) in 60‐mm petri dishes, and these
dishes were held at 20˚C until the colonies grew to a diameter of 2 to 3 cm. Clarified V8
agar (cV8A) contained per liter: 900 ml of distilled water, 100 ml of buffered and
clarified V8 juice, and 15 g of Bacto Agar. Single‐hypha colonies were transferred to
CMA in 8‐ml glass vials, and the vials were held at 25˚C in the dark to allow for active
growth. After 1 week the vials were sealed with Parafilm to prevent desiccation and
were moved to long‐term storage at 15˚C in the dark. Active subcultures of the isolates
were maintained for this study on PARPH‐V8 (= PAR‐V8 plus 50 mg/L of hymexazol as
Tachigaren [Sankyo Co. Ltd., Tokyo, Japan]) and cV8A at 20°C in the dark.
Morphological and physiological characters
Sporangium production. Isolates were grown on cV8A for 3 to 5 days in the dark
at 20˚C. Five plugs (4 mm in diameter) with actively growing hyphae were taken from
the edge of a colony, transferred to a 60‐mm petri dish, and covered with 1.5% non‐
sterile soil extract solution (NS‐SES) (Jeffers & Aldwinkle 1987). The petri dishes were
placed under continuous fluorescent light at room temperature (22 to 25˚C) and
examined after 12 to 48 h. The shape of sporangia, conspicuousness of papillae, and
type of sporangiophore were observed microscopically (40 to 200×). Sporangia were
classified as papillate if papillae were conspicuous and a papilla appeared as a full half‐
circle when viewed from the side, semi‐papillate if papillae were conspicuous but
appeared as less than a full half‐circle, and non‐papillate if papillae were inconspicuous
and did not protrude beyond the sporangium apex (Blackwell 1949). To determine if
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sporangia were caducous (i.e., deciduous), two cV8A plugs with sporangia were placed
into a 2‐ml microcentrifuge tube with 1.5 ml of distilled water, tubes were gently shaken
back and forth by hand five times, and the contents of the tube were poured into a 60‐
mm petri dish for observation (Eisenmann 2003). Isolates having detached sporangia
with pedicels of uniform lengths were judged caducous (Erwin & Ribeiro 1996).
Sporangium production was evaluated twice for all isolates.
Oospore production. Oospores were produced in 24‐well tissue culture plates
(Greiner Bio‐One North America Inc., Monroe, NC) that contained 1 ml of super clarified
V8 agar (scV8A) per well (Eisenmann 2003, Chee et al. 1976). One liter of scV8A
contained 900 ml of distilled water, 100 ml of buffered and clarified V8 Juice, 15 g of
Bacto Agar, 30 mg of β‐sitosterol (Sigma‐Aldrich Co.) (dissolved in 10 ml of 95% ethanol
while gently heating), 20 mg of L‐tryptophan (Sigma‐Aldrich Co.), 100 mg of CaCl2˙2H20,
and 1 mg of thiamine˙HCL (Sigma‐Aldrich Co.). All amendments were added to the
medium before autoclaving.
Isolates were grown on cV8A for 3 to 4 days at 25°C in the dark to obtain actively
growing mycelia. Initially, all isolates were grown separately as axenic cultures. A plug (3
mm in diameter) from an actively growing colony was placed in the center of each well,
and plates were placed at 20˚C in the dark for up to 6 weeks. Three replicate wells were
used for each isolate. For each isolate, a plug (4 mm in diameter) was removed from the
center of a well, mounted in lacto‐glycerol solution (1:1:1, by volume, lactic acid,
glycerol, and water) on a glass slide, and observed microscopically (100 to 400×) for
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oospores. Isolates that produced oospores were classified as homothallic, and the
others were assumed to be heterothallic or sterile. All isolates were tested twice
independently.
To determine matting type, each isolate that was not homothallic was paired
with standard A1 and A2 isolates on scV8A in 24‐well plates. Two agar plugs (1 mm in
diameter) from cV8A with actively growing mycelia were placed on opposite sides of
each well, one from a standard isolate and the other from a study isolate. Each pairing
was replicated twice, so four wells were used per isolate (i.e. six isolates per plate).
Isolates that had papillate and semi‐papillate sporangia were paired with P. nicotianae
standard isolates 98‐0104 (A1) and 98‐2273 (A2); most isolates with non‐papillate
sporangia were paired with standard isolates P. cryptogea A1 P1088 (= CBS 290.35,
ATTC 46721) and P. drechsleri A2 P1087 (= CBS 292.35, ATTC 46724). However,
presumptive isolates of P. cinnamomi were paired with standard isolates of this species,
96‐0182 (A1) and 96‐1306 (A2). Plates were incubated at 20°C in the dark and examined
for oospores for up to 6 weeks. Isolates that consistently formed oospores with A1
standards were designated as the A2 mating type, and those that consistently formed
oospores with A2 standards were designated as the A1 mating type. The experiment
was conducted a second time randomizing the order of the isolates. Two additional
experiments were conducted for those isolates that did not form oospores—using
different pairing partners. Based on molecular evidence, standard A1 and A2 isolates
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were selected from the same species or from genetically similar species. These two
experiments were conducted twice.
Separating P. capsici and P. tropicalis. Formation of chlamydospores by P.
tropicalis and growth at 35°C by P. capsici were used to help separate these two species
(Aragaki & Uchida 2001, Bowers et al. 2007, Donahoo & Lamour 2008). Two study
isolates—MD‐CMH and SC.06‐0581—and three standard isolates—P. capsici A1 P3490,
P. capsici A2 P8074, and P. tropicalis A1 SR‐10—were examined. For temperature
studies, an agar plug (5 mm in diameter) from an actively growing culture of each isolate
on cV8A was transferred to cV8A in a 60‐ mm petri plate; plates were sealed with
Parafilm, inverted, and placed in an incubator at 35˚C; colony radii were measured at 3
and 6 days and linear mycelium growth was determined. The experiment was
conducted twice.
The submerged culture method was followed for production of chlamydospores
(Uchida & Aragaki 1985). Mycelium mats of the five isolates were produced by placing
two cV8A plugs (5 mm in diameter), taken from actively growing cultures, inside 75‐cm2
cell‐culture bottles (Corning Inc., Lowell, MA) that contained 10% cV8 broth (cV8B =
cV8A without the agar); flasks were left in the dark for 5 days at room temperature (22
to 23˚C). Mycelium mats were rinsed twice and then completely covered until
submerged with sterile distilled water. Two replicate flasks were used for each isolate,
and flasks were held at 15˚C in the dark, presence of chlamydospores was assessed
microscopically (40 to 200×) at 4 to 6 weeks .
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Mefenoxam sensitivity. All 87 Isolates were screened for sensitivity to the
fungicide mefenoxam (as Ridomil Gold; Syngenta Crop Protection, Greensboro, NC) in
two separate in vitro experiments using fungicide‐amended medium. The isolates were
grown on cV8A at 25˚C in the dark for 3 to 4 days. Mefenoxam‐amended and non‐
amended cV8A was added (0.5 ml/well) to 24 wells in a 48‐well tissue culture plate
(Greiner Bio‐One North America, Inc.). In the first experiment, cV8A was amended with
10 ppm mefenoxam, and, in the second experiment, cV8A was amended with 100 ppm
mefenoxam. Mefenoxam was added after molten agar was cooled to approximately
55˚C after autoclaving. Agar plugs (1 mm in diameter) with actively growing mycelia
were placed in the center of each well, and each isolate was placed in six wells—three
with amended and three with non‐amended medium. Plates were placed at 25˚C in the
dark and assessed after 3 days.
Mycelium growth in each well was rated visually from 0 to 5, where 0 = no
growth; 1 = few hyphae growing from the plug, visible only microscopically (15 to 50×);
2 = hyphae still visible only microscopically, but growing uniformly from around the
plug; 3 = hyphae just visible macroscopically, hyphae growing from all around the plug,
growth of hyphae restricted; 4 = mycelium growth visible macroscopically, agar surface
in the well not covered completely by mycelium; 5 = mycelium growth visible
macroscopically, agar surface covered completely by mycelium. Isolates with a mean
growth rating of <4 were considered sensitive, and isolates rated 4 to 5 were considered
resistant. Both experiments were conducted twice, with the order of the isolates in each
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plate randomized in the second trial. The two trials of each experiment were compared
and when the results were not consistent, a third trial was conducted. The results of two
trials with consistent results were analyzed using SAS for Windows, ver. 9,2; means
were compared using Pearson correlation coefficient (r) and Student’s t test.
Molecular characters
Obtaining mycelium mats for DNA extraction. Two plugs (5 mm in diameter) of
cV8A from each of the 102 isolates were placed in a 60‐mm petri dish containing 5 ml of
cV8B. The plates were incubated in the dark at room temperature (22 to 23˚C) for 5 to 7
days. To compare medium effects on DNA profiles, mycelium mats of 73 representative
isolates also were harvested using pea broth (Hwang & Benson 2005, Ristaino et al.
1998). Pea broth was prepared by autoclaving for 5 min 120 g of frozen peas in 500 ml
of distilled water and then filtering this mixture through several layers of cheese cloth;
the filtrate was brought to 1 liter with distilled water and autoclaved twice on two
consecutive days. Mycelium mats from the plates were harvested by vacuum filtration
and rinsed with sterile distilled water. At least one of the two mycelium mats from each
isolate was placed in individual 1.5‐ml screw‐cap microtubes and then frozen at ‐20˚C
(Bowman et al. 2007).
DNA extraction. A modified protocol for isolation of total DNA using the DNeasy
Plant Mini Kit (Qiagen Inc., Valencia, CA) was followed. The 1.5‐ml microtubes
containing frozen mycelium mats were filled approximately to 1.2 ml with 0.5‐mm‐
diameter glass beads (Biospec Products, Inc., Bartlesville, OK) and 400 µl of buffer AP1;
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mats then were pulverized using a Mini Beadbeater‐8 (Biospec Products, Inc.). A volume
of 4 µl of RNase A stock solution was added, and tubes were mixed vigorously and then
held at 65˚C for 10 min. Afterwards, 130 µl of Buffer AP2 was added to each tube, and
tubes were placed on ice (for a minimum of 5 min) and centrifuged at 14,000 rpm. The
lysate was recovered on a QIAshredder Mini Spin Column (Qiagen Inc.). The rest of the
DNA extraction followed the protocol stated by the manufacturer.
PCR amplification. Polymerase chain reaction (PCR) was conducted using
universal primers to amplify the nuclear ribosomal internal transcribed spacer (ITS)
regions 1 and 2 and the 5.8s ribosomal subunit between the two regions: The forward
primer ITS 6 (5’‐GAAGGTGAAGTCGTAACAAGG‐3’) and reverse primer ITS 4 (5’‐
TCCTCCGCTTATTGA TATGC‐3’) (Bowers et al. 2007, Bowman et al. 2007, Cooke et al.
2000). PCRs were conducted in a total volume of 25.25 μl and contained 17 μl of sterile
distilled water, 2.5 μl of 10× PCR Rxn Buffer (‐MgCl2) (Invitrogen, Carlsbad, CA), 2.5 μl of
1 mM dNTPs mixture, 1 μl of 50 mM MgCl2 (Invitrogen), 0.5 μl of 25 μM of each primer,
0.25 μl (1.25 units) of Platinum® Taq polymerase (Invitrogen), and 1 μl of DNA template.
The PCR mixture was subjected to thermal cycling: 94°C for 3 min followed by 35 cycles
of 55°C for 30 s, 72°C for 1 min, and 94°C for 30 s. A final extension of 72°C for 10 min
was used before cooling to 4°C. Amplifications were conducted in a T1 Thermocycler
(Biometra®, Göttingen, Germany). Amplified products of ITS regions were analyzed and
compared by both sequencing and restriction fragment length polymorphisms (RFLPs)
with known standard isolates.
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Fingerprinting of the ribosomal encoded Internal Transcibed Spacer regions.
RFLPs for each isolate were obtained by using restriction enzymes AluI and MspI
(Promega, Madison, WI) to digest amplified products; for each reaction, 10 μl of PCR
product and 2 μl of enzyme mixture (containing 1.6 μl of sterile distilled water, 0.2 μl [2
units] of restriction enzyme, and 0.2 μl of Buffer B 10× supplied by the manufacturer)
were used. Conditions for digestion were set at 37°C for 3 h and then at 65°C for 10 min
to denature the enzyme. Digested fragments were passed through 2% agarose gels by
electrophoresis; gels contained: 0.5× NuSieve®GTG®Agarose (Cambrex Bio Science
Rockland, Inc. Rockland, ME), 0.5× UltraPureTM Agarose (Invitrogen), and tris‐Borate
EDTA buffer (Qiagen Inc.). Gels were stained at 5% with 10 mg/ml ethidium bromide
(Sigma Aldrich Inc.) prior to solidification. Each isolate was loaded in the gel as a 14‐μl
mix consisting of 12 μl digested product plus 2 μl of DNA gel‐loading buffer 10×
(Eppendorf North America Inc., Westbury, NY); TrackIt 100 base pair (bp) DNA ladder
(Invitrogen) was used as a marker to estimate band sizes. Gels were run at 70 V for 2.5
to 3 h.
Band patterns from individual isolates were visualized with UV light. Band sizes
were calculated, data were analyzed, and a database was created using the AlphaImager
Gel Imaging System (Alpha Innotech Corp., San Leandro, CA). RFLP fingerprints were
compared to those of 45 known species available on the PhytID web site
(www.phytid.org).
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Fingerprinting of the mitochondrial encoded cytochrome oxydase (cox) I and II
genes. RFLP profiles based on cox genes (Martin & Tooley 2004) were used to identify
and differentiate isolates that had similar ITS‐RFLP profiles and ITS sequences that were
ambiguous but primarily seemed to match those of isolates of P. cryptogea and P.
drechsleri. Known standard isolates of P. cryptogea (P1088) and P. drechsleri (P1087)
were tested along with 16 isolates presumed to be P. cryptogea or P. drechsleri (Tables
2.3a and 2.3b). In a separate experiment, two standard isolates of P. capsici (P3490 and
P8074) and one standard isolate of P. tropicalis (SR‐10) were used to confirm two
isolates that were presumably identified as either P. capsici or P. tropicalis (Tables 2.4a
and 2.4b). Forward primer FM 75 (dCCTTGGCAATTAGGATTTCAAGAT) and a reverse
primer mixture of 0.5x FM 77 (dCACCAATAAAGAATAACCAAAAATG) and 0.5x of FM 83
(dCTCCAATAAAAAATAACCAAAAATG) were used to amplify the cox I and II genes and the
spacer region between them (Martin & Tooley 2003). The same protocol used for ITS‐
RFLPs was followed for amplification and digestion by enzymes AluI and MspI. Digested
products were run in a 3% agarose gel at 70 V for at least 3 h.
ITS Sequencing. PCR products from all isolates amplified by ITS 4 and ITS 6 were
purified using a PureLink PCR Purification Kit (Invitrogen) following the manufacturer’s
manual. Purified PCR amplicons of DNA extracted from mycelia grown in cV8B were
submitted to two different laboratories for sequencing. An original subset of 65 isolates,
which included a representative number of isolates believed to be P. nicotianae (based
on colony morphology and previous ITS‐RFLPs results), was sent to the Clemson
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University Genomics Institute (CUGI). A complete set of cleaned PCR products from all
87 study isolates plus those from 15 standard isolates were sent to the Phytophthora
Database project at the Pennsylvania State University (PSU) for sequencing. For further
comparison, another subset of independent DNA samples from mycelia of 73 isolates
grown in pea broth also was sent to CUGI for sequencing; this subset of isolates included
the original 65 isolates sent to this laboratory plus eight other isolates.
Separate sequences from the forward and reverse primers for each DNA sample
were aligned and edited using the software from the Staden Package for Windows, ver.
1.6.0. The file with the consensus sequence then was compared and matched with
nucleotide sequences of isolates deposited in three online databases: GenBank
(www.ncbi.nlm.nih.gov/), Phytophthora Database at PSU (www.phytophthoradb.org/),
and Phytophthora‐ID at Oregon State University (www.phytophthora‐id.org/) by using
sequence homology tools to establish similarities to isolates previously deposited in
each database. For study isolates with sequences that were not clear (i.e., they had
double peaks, gaps, split partial segments), a unique consensus sequence was made
gathering all the sequences for the study isolates from the two different laboratories.
Consensus sequences from the study isolates were considered to match sequences of
isolates deposited in the databases when the homology was >99%, except when the
sequence matched mostly those from isolates of one single species with a lower percent
homology (e.g., 97%).
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Results
Host plants and species of Phytophthora. In all, 87 isolates from 63 host plants
were examined (Table 2.1). These plants came from 46 genera in 24 families and
included both eudicots (23 families) and monocots in the family Liliaceae. Seventy‐four
isolates came from host plants grown in 16 counties in South Carolina, and 13 isolates
came from plants grown in four other states: five isolates from Maryland, four from
New York, two from North Carolina, and two from Virginia. Of the isolates from South
Carolina, many of these (34 isolates = 46%) came from York Co. Fifty‐eight of the plants
from which Phytophthora spp. were isolated have not been reported previously as hosts
of these pathogens (Table 2.1). These isolates caused primarily root rot, some caused
stem and crown rots, and a few caused leaf blight (Table 2.1).
In all, 12 different species of Phytophthora were identified—including ten known
species and two previously undescribed potential species (Table 2.1). Of the known
species, there were 26 isolates of P. nicotianae, 14 isolates of P. cinnamomi—including
one isolate of P. cinnamomi var. parvispora, 13 isolates of P. palmivora, 10 isolates of P.
drechsleri, eight isolates of P. cryptogea, four isolates of each of P. citrophthora and P.
citricola, two isolates of P. capsici, and one isolate of each of P. tropicalis and P.
megasperma. Based on molecular and morphological characters, four isolates appeared
to belong to previously undescribed and potentially new species.
Molecular characters. ITS‐RFLP profiles after digestion by AluI and MspI were
produced for all but a few isolates, and most species produced a distinct profile that was
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similar to those reported online (www.PhytId.org) and published previously (Cooke et
al. 2000, Cooke & Duncan 1997) and that matched those from standard isolates (Table
2.2)—except for isolates of P. cryptogea, P. drechsleri, P. capsici, and P. tropicalis. This
procedure worked well for identifying isolates of species with established profiles. DNA
fragments less than 100 bp were present in some profiles but were disregarded because
they were difficult to resolve on 2% agarose gels.
DNA sequences for the ITS regions were analyzed for all 87 isolates as well as for
the 15 standard isolates.

DNA was extracted and analyzed at least twice from

independent samples from all isolates, and results always were consistent between
samples from the same isolate. The DNA sequences obtained from the subset of 73
isolates grown in pea broth were compared to those from the same isolates grown in
cV8B. In all cases, DNA sequences were identical regardless of growth medium. We
also compared sequencing laboratories; sub‐samples of DNA from 65 isolates were sent
to laboratories at Clemson University and the Pennsylvania State University for
sequencing, and sequences obtained from both labs were identical.
For most of the species, sequence homology usually was higher than 99% with
isolates of the same species in the online databases GenBank and Phytophthora
Database, except for P. nicotianae and P. cinnamomi isolates—for which the homology
was sometimes as low as 97%. Sequences from some isolates also were compared to
those in the Phytophthora‐ID database. However, there were inconsistencies in the
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results among the three databases for some isolates—particularly those of P. cryptogea,
P. drechsleri, P. capsici, and P. tropicalis.
Morphological characters. Morphological characters were studied to confirm
identifications based on molecular data. Overall, sporangia from most isolates had
formed on cV8A plugs in NS‐SES after 24 h; however, a few isolates required an
additional 24 h before sporangia were observed. Sporangium shapes predominantly
were ovoid and ellipsoid, but shape was variable and usually was not distinctive enough
to be useful in identification. However, type of papilla, type of sporangiophore, and
caducity were consistent among species and, therefore, useful for identification.
Only five isolates were homothallic and produced oospores in single‐strain
culture; the other 82 isolates were heterothallic or sterile. Oospores were induced in 73
of the heterothallic isolates (89%) although several trials with different pairing partners
were required before oospores were produced by some isolates. Mating type was
determined by successfully pairing isolates of opposite mating type, but oospore
dimensions were not measured as many crosses were inter‐specific.
Mefenoxam sensitivity.

Results between trials of each of these two

experiments (i.e., using medium amended with 10 ppm and 100 ppm mefenoxam) were
consistent, so results from the two trials were combined for analysis. Isolates grown in
wells on non‐amended cV8A had a growth rating of 5 since mycelia entirely covered the
surfaces of the agar in these wells. There were three resistant isolates (growth values
≥4.0) in the first experiment with 10 ppm mefenoxam: one isolate of P. nicotianae A2
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(SC.05‐0690) from Hibiscus syriacus, one isolate of P. drechsleri A1 (05‐0946) from
Chrysanthemum ‘Galatino’, and one isolate of P. capsici A1 (MD‐CMH) from Calibrachoa
‘Starlette Yellow’. The remaining 84 isolates were sensitive, with mean growth values of
<4.0; however, there were many isolates (34) with mean values between 2.5 and 3.5 in
this experiment. Values in this range, bordering on visible growth and approaching the
resistant threshold of 4, made scoring a challenge. Therefore, a second experiment was
conducted with mefenoxam added to the agar medium at 100 ppm. In this experiment,
only two isolates were resistant, P. nicotianae (SC.05‐0690) and P. capsici (MD‐CMH),
and only seven isolates had mean growth values between 2.5 and 3.5. The mean
growth value for the isolate of P. drechsleri (05‐0946) was 1.8 (sensitive) at 100 ppm
mefenoxam; it had been 4.2 (resistant) at 10 ppm mefenoxam. The Pearson correlation
coefficient (r) showed a significant correlation between the results from the two
experiments: r = 0.68 and P < 0.0001. Mean growth values at 10 ppm mefenoxam (2.3)
were higher than those at 100 ppm (1.7), and the significant difference between mean
values from the two experiments was confirmed by the Student’s t test (t = 5.76, P
<0.0001). The mean growth values for 73 isolates remained the same or decreased
when the mefenoxam concentration was increased from 10 to 100 ppm, but the growth
values for 14 isolates increased.
P. nicotianae. The 26 isolates of P. nicotianae were recovered from plant
samples from South Carolina. They were isolated from 22 host plants in 17 genera and
nine families. Six isolates were mating type A1 (23%), 20 isolates were A2 (77%). In ITS‐
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RFLP profiles, AluI produced fragments of 740 and 120 bp and MspI produced fragments
of 410*, 390*, and 120 bp. Fragments marked with asterisks (*) were close in size and
difficult to differentiate. Sporangia were papillate, bi‐papillate commonly, and non‐
caducous; sporangiophores were simple and sympodial; oospores with amphigynous
antheridia formed when paired with other isolates of P. nicotianae. One unusual isolate
(SC.00‐1531, A2) appeared to be a potential P. nicotianae x P. cactorum hybrid—which
was similar to the newly reported hybrid species P. ×pelgrandis (Nirenberg et al). It was
isolated from a field‐grown daylily (Hemerocallis ‘Double Pompon’) plant from South
Carolina, had a unique ITS‐RFLP profile (including 2 additional fragments with Alu) and
the ITS sequence matched those of isolates of P. ×pelgrandis in GenBank but those of
isolates of P. nicotianae in the other two databases.
P. cinnamomi. The 14 isolates of P. cinnamomi came from 12 host plants—each
in a separate genus—in nine families (Table 2.1). One isolate came from a sample
submitted from Virginia, but all the others came from host plants in South Carolina. Five
isolates were mating type A1 (36%) and nine isolates were A2 (64%). In ITS‐RFLP
profiles, AluI produced fragments of 550, 210*, and 190* bp and MspI produced
fragments of 400, 210, 170, and 150 bp. Hyphae of these isolates typically were
coralloid with numerous swellings, chlamydospores were botryose, sporangia were non‐
papillate and produced on internally‐proliferating sporangiophores, and antheridia were
amphigynous and occasionally two‐celled. One isolate was identified as P. cinnamomi
var. parvispora A1. This isolate was recovered from Hypericum androsaemum (St.
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John’s wort), and the ITS sequence matched that of P. cinnamomi var. parvispora in
GenBank and those of P. cinnamomi in the other two databases. This isolate had an ITS‐
RFLP profile that was unique and distinct form those of P. cinnamomi: AluI produced
fragments of 550, 210*, and 200* bp and MspI produced fragments of 400, 210, 180,
and 150 bp.
P. palmivora. All of the 13 isolates of this species came from South Carolina
plant samples—which included those in seven genera and five families (Table 2.1).
Seven of the isolates were recovered from Hedera spp. Nine isolates were A1 (69%) and
four isolates were A2 (31%). In ITS‐RFLP profiles, AluI produced fragments of 500, 170,
and 150 bp and MspI produced fragments of 510 and 390 bp. Sporangia were papillate
and predominantly caducous with short pedicels, and sporangiophores were simple or
compound and sympodial. Oospores had amphigynous antheridia.
P. cryptogea and P. drechsleri. Eighteen isolates were identified as either P.
cryptogea or P. drechsleri. In ITS‐RFLP profiles for 16 of these isolates, AluI produced
fragments of 720 and 120 bp for both species; MspI produced fragments of 260, 140,
125*, 120* and 100 bp for seven study isolates of P. cryptogea and 260, 160, 145, 120
and 100 bp for nine study isolates of P. drechsleri and for the two standard isolates, P.
cryptogea P1088 and P. drechsleri P1087 (Tables 2.3a and 2.3b). Sporangia of both
species were non‐papillate and borne on internally‐proliferating sporangiophores.
There were inconsistencies when DNA‐ITS sequences from these isolates were
compared to those in GenBank and Phytophthora Database (Tables 2.3b). A number of
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the isolates were matched with isolates tentatively called P. sp. “kelmania” on
Phytophthora‐ID database (primarily) and GenBank. Therefore, 16 of these isolates
were analyzed further using cox‐RFLPs.
From the 16 digested isolates amplified with primers FM 75 and FM 77/83 (Fig.
2.1, Table 2.3b), restriction fragments created by enzymes AluI and MspI for nine
isolates matched the sizes of the fragments from the standard isolate of P. drechsleri
P1087. DNA from the other seven isolates digested with AluI matched the sizes of
restriction fragments from the standard isolate of P. cryptogea (P1088) except isolate
SC.07‐0521; however, sizes of fragments from DNA digested with MspI did not match
those of isolate P1088. These isolates had two distinct profiles compared to the
standard isolate P1088: one with size fragments of 1700 and 200 bp while P1088 has
1600 and 620 bp bands and the other with size fragments of 1600, 500, and 200 bp.
Both of these profiles were visually different from the three‐fragment profile of P.
drechsleri digested with MspI (Fig. 2.1).
Isolates of P. cryptogea came from eight host plants in eight genera and seven
families (Table 2.1). All but one of these isolates came from plants grown in South
Carolina; one isolate came from catnip (Nepeta cataria) grown in Virginia. The mating
type of seven isolates was determined (Table 2.3a): five were A2 (71%) and two did not
produce oospores in our trials. Isolates of P. drechsleri were recovered from 10 host
plants in nine genera and five families; five isolates were recovered from plants in the
Asteraceae (Table 2.1). Eight isolates were from South Carolina samples, one isolate
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came from New York, and one isolate came from North Carolina. Mating type was
determined for nine isolates (Table 2.3a): four were A1, four were A2, and one did not
form oospores. Isolates from both species typically produced non‐papillate sporangia
and internally proliferating sporangiophores and had amphigynous antheridia.
P. citrophthora. The four isolates of this species came from South Carolina and
were recovered from separate host plants in distinct genera and families (Table 2.1).
Three isolates were sterile and one was mating type A2, which formed oospores with an
A1 isolate of P. nicotianae in one trial. In ITS‐RFLP profiles, AluI produced fragments of
540, 180*, and 175* bp and MspI produced fragments of 370, 300, and 220 bp.
Sporangia were papillate to semi‐papillate and non‐caducous and were produced on
sympodial sporangiophores.
P. citricola. Three of the four isolates of this species were associated with a
landscape planting of tulips in Maryland—where root rot had been a problem. The
other isolate came from Aucuba japonica in South Carolina.

All isolates were

homothallic with paragynous anteridia and produced semi‐papillate sporangia, which
occasionally had distorted shapes and dual apices, on sympodial sporangiophores. In
ITS‐RFLP profiles, AluI produced fragments of 540, 180*, and 165* bp and MspI
produced fragments of 360, 300, and 220 bp.
P. capsici and P. tropicalis. Two isolates identified as P. capsici came from
calibrachoa plants in New York, and one isolate was identified as P. tropicalis—which
came from English Ivy (Hedera helix) in South Carolina (Tables 2.1 and 2.4a). Two of
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these isolates were compared to three standard isolates—one of P. tropicalis and two of
P. capsici (Fig 2.2, Tables 2.4a and 2.4b). The isolate of P. capsici was mating type A1
and the isolate of P. tropicalis did not produce oospores. Molecular characters of these
isolates—including both ITS and cox‐RFLP profiles (Fig. 2.2), and ITS sequence
homologies (Table 2.4b)—were variable and lacked consistency. For isolate SC.06‐0581,
cox‐RFLP profiles matched those of standards from P. tropicalis and P. capsici A2
isolates, while ITS‐RFLP profiles matched those of the two standard P. capsici isolates
(Fig. 2.2, Table 2.4b) with enzyme AluI, but that of P. tropicalis standard with MspI. The
other study isolate, MD‐CMH showed same ITS‐RFLP profile as the standard isolate of P.
tropicalis, but its cox‐RFLP profile did not match those from any of three standard
isolates used in this study (Fig 2.2, Table 2.4b). ITS sequences from isolates 06‐0581 and
MD‐CMH matched those from other isolates of P. capsici in GenBank (100%), those from
both P. capsici and P. tropicalis in the Phytophthora Database (99%), and those from P.
tropicalis in the Phytophthora‐ID database (100%) (Table 2.4b). Using the Kluskall‐Wallis
tool available to establish phylogenetic relationships with isolates in the Phytophthora
Database and isolate MD‐CMH, results showed this isolate as an outlier of the P. capsici
clade and adjacent to the P. tropicalis clade.
When isolates were grown at 35°C for three days (results after six days were
discarded because the medium became either dry or invaded by bacteria), growth of
mycelia around the plug from P. capsici standard isolates P3490 and P8074 was 3 mm
on average, and mycelium from isolate MD‐CMH showed a trace of growth. The P.
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tropicalis standard isolate SR‐10 and isolate SC.06‐0581 did not grow (Fig. 2.3, Table
2.4a). When mycelium mats were submerged in distilled water for 4 weeks (Table 2.4a),
mats from isolate SC.06‐0581 showed uniform production of chlamydospores and some
sporangia; mycelium mats of P. tropicalis SR‐10 produced both chlamydospores and
sporangia (Fig. 2.4); mats of P. capsici standard P3490 had many empty deciduous
sporangia and only a few chlamydospores; mats of P. capsici standard P8074 produced a
few scattered chlamydospores in botryose clusters and almost no sporangia; and mats
from isolate MD‐CMH produce very few chlamydospores and no sporangia.
P. megasperma. One isolate identified as P. megasperma was recovered from
soil collected at a Maryland landscape planting of tulips (see P. citricola) (Table 2.1). An
ITS‐RFLP profile was not produced for this isolate; instead, it was identified by ITS
sequence homology.

It was homothallic and produced oospores with paragynous

antheridia in single‐strain culture. Sporangia were non‐papillate and sporangiophores
were internally proliferating.
Unusual isolates of Phytophthora spp. Four isolates were found to have unique
ITS‐RFLP profiles and had ITS sequences that matched those from isolates that have not
been described formally (Tables 2.5a and 2.5b). Three isolates, designated here as P.
sp.‐clemson1, had ITS sequences that matched those of isolates tentatively called P. sp.
“niederhauserii” in both GenBank and the Phytophthora‐ID databases. The three study
isolates also matched sequences of P. sojae in GenBank and the Phytophthora Database,
but this is inconsistent with morphological data. Isolates of P. sp.‐clemson1 produced
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non‐papillate sporangia (Table 2.5a), most of which had a distinctive elongated shape
(Fig. 2.5), on internally proliferating sporangiophores that also branched sympodially
(Fig. 2.5), and these isolates were heterothallic—mating type A1 (Table 2.5a). They
produced oospores when crossed with A2 isolates of P. cinnamomi and P. drechsleri. P.
sojae is homothallic (Erwin & Ribeiro 1996). These three isolates were found causing
root rot on three distinctively different host plants—one from North Carolina and two
from South Carolina (Tables 2.1 and 2.5a).
Another isolate, designated here as P. sp.‐clemson2, had an ITS sequence that
matched those from isolates tentatively called P. sp. “lagoariana” in all three databases.
Like isolates of P. sp.‐clemson1, this isolate produced non‐papillate sporangia on
internally proliferating sporangiophores (Table 2.5a); however, oospores were not
produced so mating type could not be determined; instead it produced large numbers
of chlamydospores on scV8 in all mating type trials. This isolate was recovered from
roots of a plant of Dianthus sp. from South Carolina (Tables 2.1 and 2.5a).
Discussion
In this study, a wide diversity of species of Phytophthora was found associated
with a broad array of floriculture plants. In all, 87 isolates of Phytophthora spp.
recovered from or associated with floriculture crops in five states (MD, NC, NY, SC,
VA)—primarily South Carolina—over a 13‐year period (1996 through 2008) were
examined. Isolates came from 62 host plants in 46 genera and 24 families, and they
were identified as 10 known species and two previously undescribed, potentially new
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species of Phytophthora.

Of these host‐pathogen associations, 58 have not been

reported previously and are new records—i.e., P. nicotianae‐15, P. cinnamomi‐12, P.
palmivora‐5, P. cryptogea‐7, P. drechsleri‐8, P. citrophthora‐4, P. citricola‐1, P. capsici‐1,
P. megasperma‐1, P. sp.‐clemson1‐3, and P. sp.‐clemson2‐1.

Likewise, in most

situations, pathogenicity (i.e., following Koch’s postulates) of these species of
Phytophthora to their respective host plants has not been documented, and appropriate
experiments need to be conducted to establish pathogenic relationships.
More than one species of Phytophthora were recovered from seven plant
species—i.e., Digitalis purpurea (P. cinnamomi and P. cryptogea), Lamiastrum
galeobdolon (P. cinnamomi and P. nicotianae), Lavandula angustifolia (P. nicotianae and
P. citrophthora), Liriope muscari (P. cinnamomi and P. palmivora), Penstemon ×hybrida
(P. nicotianae and P. citrophthora), Rosmarinus officinalis (P. nicotianae and P. sp.‐
clemson1), and Veronica spicata (P. cinnamomi and P. nicotianae)—and from eight
other host plant genera (i.e., Euphorbia, Hedera, Hemerocallis, Heuchera, Lilium, Rosa,
Sedum, and Tulipa). Three species were associated with Tulia spp. All of these came
from samples collected in a landscape planting in Baltimore, MD. P. citricola was
isolated from the roots of diseased plants, and P. citricola, P. cryptogea, and P.
megasperma were baited from the soil where plants had died. Of these three species,
only P. cryptogea has been reported on this host genus previously (Erwin & Ribeiro
1996, Farr et al. 2009).

48

Previously in our laboratory, Eisenmann (2003) identified Hemerocallis sp. as a
host for P. nicotianae based on samples from five counties in South Carolina, and
cultivars Stella de Oro and Anzac Gold were rated as tolerant or resistant, respectively,
in pathogenicity trials. P. nicotianae continues to be isolated from diseased plants of
Hemerocallis spp. in South Carolina and Virginia (Hu et al. 2008), so there may be some
predisposing environmental factor favoring pathogenicity that Eisenmann did not
include in her pathogenicity trial. In addition to P. nicotianae, P. palmivora also was
found associated with Hemerocallis spp. The isolate of P. nicotianae that appears to be
a hybrid was recovered from a field planting of daylilies (H. ‘Double Pompon’) in South
Carolina where root rot was particularly severe in a year plagued by drought, so
supplemental irrigation water had been applied regularly.

Eisenmann (2003) also

identified P. nicotianae on Hosta sp., but the isolate in her study had been associated
with root rot. Here, I report P. nicotianae recovered from the leaves of H. ‘Gold
Standard’ and H. ‘Halcyon’.
Fungicide application is a major component in the management of Phytophthora
diseases on floriculture crops (Daughtrey et al. 1995, Dreistadt 2001, Jeffers & Miller
2001). Mefenoxam and its isomer, metalaxyl, are systemic phenylamide fungicides
selective for oomycete pathogens (Schwinn & Staub 1987). In the United States,
mefenoxam is one of the most commonly used fungicides for managing diseases caused
by Phytophthora spp. on ornamental crops, and, there is a moderate risk of resistance
developing to this fungicide (Jeffers & Miller 2001). Resistance has been detected in
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several different species of Phytophthora associated with floriculture crops and
predominantly on annual plants (Hu et al. 2008, Hwang & Benson 2005; S. N. Jeffers
unpublished). Hu et al (2008) found few resistant isolates of P. nicotianae on perennials
plants in Virginia, and my results are in agreement. I identified mefenoxam resistance in
only one isolate from a perennial plant (P. nicotianae from Hibiscus syriacus), and most
of the isolates in this study came from perennial plants. The other resistant isolate was
P. capsici from Calibrachoa ‘Starlette Yellow’, an annual plant.
Results from the two experiments using 10 ppm and 100 ppm mefenoxam
produced similar results, but there was a more distinct separation between resistant
and sensitive isolates when agar medium was amended with 100 ppm mefenoxam. This
100‐ppm rate for mefenoxam has been used by others to determine resistance (Hu et
al. 2008, Hwang & Benson 2005, Lamour et al. 2003). It is possible that using a less rich
basal medium (e.g., 5% cV8A) might improve sensitivity of the isolates in vitro to
mefenoxam (Shew, 1984). In vitro screening of oomycete isolates for resistance may not
accurately predict sensitivity to the fungicide in vivo (Moorman & Kim 2004); therefore,
results from in vitro assays should be verified on plants in the greenhouse or nursery.
For identification of most isolates of Phytophthora spp., molecular analyses
provided reliable information and results were available in less time than when
morphological characters were evaluated. However, often it is important to examine
more than one genetic locus to get accurate identification. Likewise, it was equally
important to verify and confirm molecular identifications with morphological criteria.
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Several molecular techniques based on amplification of DNA using PCR have been used
extensively for identifying species of Phytophthora. Among these, RFLP procedures
have been developed over the last 10 years (Appiah et al. 2004, Bowman et al. 2007,
Cooke & Duncan 1997), and ITS‐RFLP profiles were found to be very useful for species
identification in my study—as long as standard isolates were available for comparison.
However, since there are limits to the resolving power for closely related species of
Phytophthora using ITS regions, analysis of other genomic regions—e.g., the
mitochondrial encoded cytochrome oxydase I and II genes (coxI and coxII)—have been
used as an additional means of identification of closely related species (Martin & Tooley
2003 & 2004). Sequence analysis involving nucleotide homology also was useful in
identifying many of the study isolates, but there were too many inconsistencies in the
online databases to rely exclusively on this method. The results obtained from online
databases are only as reliable as the identifications of the isolates from which sequences
have been posted.
The occurrence of P. cinnamomi var. parvispora on one of the host plants was
unexpected. The nucleotide sequence of isolate 99‐1940 matched (98% homology)
sequences from four clones P. cinnamomi var. parvispora deposited in GenBank
(accession numbers FJ802006, FJ801919, FJ802007, and FJ801964); however, it also
matched sequences from P. cinnamomi in the other two online databases. My results
demonstrated a clear difference in the ITS‐RFLP profiles with both AluI and MspI
enzymes between isolate 99‐1940 and the other 13 isolates of P. cinnamomi examined
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in this study. These results corroborate the molecular evidence recently published by
Blair et al. (2008) that showed P. cinnamomi var. parvispora was phylogenetically
distinct from P. cinnamomi. This isolate as well as four other isolates of P. cinnamomi
were mating type A1, which is unusual. The A2 mating type is most common in the
United States, with the A1 mating type occurring primarily on camellias (Zentmyer 1980;
S. N. Jeffers personal communication).
ITS‐RFLP profiles for P. drechsleri and P. cryptogea previously have been
reported to be similar (Cook et al. 2000, Cooke & Duncan 1997); however, our results
from digestion of nine isolates of P. drechsleri and seven isolates of P. cryptogea with
the restriction enzyme MspI showed differences in the numbers and sizes of restriction
fragments from the two species: 260, 160, 145, 120, and 100 bp for P. drechsleri and
260, 140, 125, 120, and 100 bp for P. cryptogea. These results were corroborated by
differences in RFLP profiles for the two species when cox genes were digested with AluI
and MspI restriction enzymes. Profiles for cox RFLPs with both AluI and MspI from the
study isolates of P. drechsleri matched those reported by Martin and Tooley (2004) for
this species and also matched those from the standard isolate of P. drechsleri (P1087)
used in this study. However, profiles for cox RFLPs from the study isolates of P.
cryptogea showed slight variation with AluI and two patterns with MspI—one similar to
that from the standard isolate of P. cryptogea (P1088) and one slightly different from
the standard isolate.

Polyphyletic origins of these species were demonstrated

previously based on isozymes, mitochondrial DNA, and ribosomal DNA analysis (Forster
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et al 1990, Mills 1991). Martin and Tooley (2004) mentioned that analysis of additional
isolates was needed to resolve these two species clearly using their RFLP profiles. Our
results from cox‐RFLP profiles with both restriction enzymes for seven isolates of P.
cryptogea showed that there appears to be intraspecific variation within this species.
There were five different band patterns (including that of the standard P1088)—none of
which was similar to those from isolates of P. drechsleri. Thus, ITS‐RFLPs with MspI
(using primers ITS6 and ITS4) in combination with cox‐RFLPs using AluI and/or MspI
could be used to characterize the molecular differences between the two species and to
study intraspecific variation within P. cryptogea.
I found no morphological or molecular evidence to support identification of six
study isolates as P. sp. “kelmania”, which was suggested by homology results in two of
the online databases. P. sp. “kelmania” has been placed between P. cryptogea and P.
drechsleri in Clade 8a of the current phylogenetic scheme posted on the Phytophthora
Database website—which is based on analysis of genome sequences with molecular
markers (Blair et al. 2008). However, ITS‐ and cox‐RFLPs as well as the morphological
and physiological features analyzed in this study demonstrated that each of these six
study isolates was either P. cryptogea or P. drechsleri.
It was a challenge to separate the isolates of P. capsici and P. tropicalis, but, in
this case, morphological and physiological criteria were more useful. Two key
characters, growth at 35°C by isolates of P. capsici and production of chlamydospores by
isolates of P. tropicalis, have been used previously to separate these two species
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(Aragaki & Uchida 2001).Results for these two characters were somewhat ambiguous
for the five isolates (three standards and two study isolates) examined, but they still
allowed for separation of the two species. In addition, isolates of P. capsici usually are
associated with solanaceous or cucurbit hosts and isolates of P. tropicalis usually are
associated with woody hosts (Aragaki & Uchida 2001, Bowers et al. 2007, Hong et al.
2006). Isolate MD‐CMH produced very few chlamydospores, grew only slightly at 35°C,
and was isolated from a solanaceous plant (Calibrachoa); therefore, this isolate was
considered to be P. capsici. Isolate SC.06‐0581 produced chlamydospores, did not grow
at 35°C, and was isolated from a woody plant (Hedera helix); therefore, this isolate was
considered to be P. tropicalis. However, there is not absolute separation between the
two species based on morphological criteria and host preference, and hybridization
between the two species has been demonstrated under laboratory conditions and may
be possible in the field (Donahoo & Lamour 2008).
Results from ITS sequencing homology obtained from the three online databases
were inconclusive, and there were inconsistencies in ITS‐ and cox‐RFLP profiles between
study isolates and the standard isolates of P. capsici and P. tropicalis. It has been
suggested that isolates identified as P. capsici or P. tropicalis may represent different
subgroups in a larger group with wide variation that should be called P. capsici (Bowers,
et al. 2007). Further studies including both A1 and A2 isolates from P. tropicalis might
give some further insight of phylogenetic relations between the isolates of P. capsici and
P. tropicalis used in this study (Zhang et al. 2004).
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Isolate SC.00‐1531 was identified as a hybrid between P. nicotianae and P.
cactorum, but this might be somewhat tenuous. The ITS sequence resembled three
sequences in GenBank from isolates identified as P. nicotianae (accession numbers
EU660826, EU660827, EU660828) and three other sequences from clones of a different
P. nicotianae x P. cactorum hybrid, now identified as P. ×pelgrandis (accession numbers
EU660835, EU660838, and EU660841)—according to Niremberg et al. (2009). The ITS‐
RFLP profile for isolate SC.00‐1531 showed unique restriction fragment patterns, which
included fragments commonly present in the standard isolates of P. nicotianae plus two
extra fragments with AluI (620 and 170 bp).
Four isolates could not be placed in any of the currently described species of
Phytophthora. Three isolates were designated P. sp.‐clemson1: SC.97‐2309, SC.97‐2466,
and SC.00‐1694.

They had a common and unique ITS‐RFLPs pattern, produced

distinctive elongated sporangia that were non‐papillate, and paired with A2 isolates of
both P. cinnamomi and P. drechsleri to form oospores with amphigynous antheridia.
Sequences from these isolates best matched those from isolates tentatively called P. sp.
“niederhauserii” (originally spelled “niederhauseria” [Abad & Abad 2003]) in two of the
databases. These three isolates grew very slowly at 25°C and even more slowly at 20 to
23°C. The three isolates were recovered from: garden valerian (Valeriana officinalis), a
perennial herb, in North Carolina in 1997; lady’s mantle (Alchemilla mollis), an
herbaceous perennial plant, in South Carolina in 1997; and rosemary (Rosmarinus
officinalis), a woody perennial herb, in South Carolina in 2000.
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The two isolates

mentioned by Abad and Abad (2003) were recovered from arborvitae (Thuja
occidentalis) and English ivy (Hedera helix) plants grown in greenhouses in North
Carolina in 2001. Additional research is needed to determine if this group of isolates
constitutes a new species.
The fourth isolate that could not be identified (SC.02‐1362) was designated P.
sp.‐clemson2. It had a unique ITS‐RFLP profile and consistently matched ITS sequences
of isolates tentatively called P. sp. “lagoariana”, which originally came from the
rainforest of Ecuador in 1993—based on information in the World Phytophthora
Genetic Resource Collection Database at the University of California, Riverside
(http://phytophthora.ucr.edu/databasemain.html). Isolate SC.02‐1362 was recovered
from a landscape plant (Dianthus sp.) growing in coastal South Carolina in 2002. These
isolates appear to be similar and may belong to a new species.
In summary, when the results from this study are viewed in conjunction with
those from a previous study in South Carolina (Eisenmann 2003) as well as those from
other similar studies (Lamour et al. 2003, Hwang & Benson 2005, Hu et al. 2008), it
becomes obvious that floriculture crops are hosts to a diversity of species of
Phytophthora. The number of new host‐pathogen associations has increased as we
continue to investigate Phytophthora diseases of floriculture crops and new plant
species and cultivars are introduced and exposed to these pathogens in greenhouses,
nurseries, and landscapes. Floriculture crops also may be harboring a population of
previously non‐identified species of Phytophthora that may pose a threat to other crop
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plants. One of the strengths of the study reported here is that it was able to use isolates
recovered over a 13‐yr period, which provides strong evidence for maintaining
permanent culture collections. Isolates of the potentially new species reported here
were recovered in 1997 to 2002. Studies conducted over a shorter interval—e.g., one to
several growing seasons—may not detect these unusual isolates.

Consequently,

research on Phytophthora spp. associated with floriculture crops needs to continue.
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Table 2.1. Plant species, status of host plants, symptoms observed on plants, type of substrate, and number of independent samples from which
isolates of species of Phytophthora were recovered between 1996 and 2008z
Host planty

Host statusx

Symptomsw

Substratev

No. of samples
by county in SC
or stateu

No

Stem rot

Stems

Georgetown‐1

Yes
(Eisenmann
2003)

Stem rot

Roots

York‐2

Sempervivum tectorum

No

Stem rot

Roots

York‐1

Lamiastrum galeobdolon

No

Stem rot

Stems

York‐1

Lavandula angustifolia

Yes (Putnam
1991)

Root rot

Stems

Anderson‐1

Perovskia atriplicifolia

No

Root, stem rot

Stems

York‐4

Rosmarinus officinalis

Yes (Wheeler
& Boyle 1971)

Root rot

Roots

Anderson‐1

Hemerocallis ‘Darius’

No

Root rot

Roots, stems

York‐1

Hemerocallis ‘Double
Pompon’

No

Root rot

Stem, roots

Anderson‐1

Hemerocallis ‘King Lamoni’

No

Root, crown rot

Stems, roots

York‐1

Hosta ‘Gold standard’

No

Leaf blight

Leaves

York‐1

Hosta ‘Halcyon’

No

Leaf blight

Leaves

York‐1

Yes (Erwin &
Ribeiro
1996)

Root, stem rot

Leaves

York‐1

No

Stem rot

Leaves

Edgefield‐1

Species of
Phytophthora

Family

Genus species

P. nicotianae

Amaranthaceae

Celosia sp.

Crassulaceae

Sedum spectabile

Lamiaceae
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Liliaceae

Lilium hybrid
Malvaceae

Hibiscus moscheutos

Hibiscus syriacus
Polemoniaceae

Phlox sp.
Phlox paniculata

Yes (Erwin &
Ribeiro 1996)
Yes
(Eisenmann
2003)

Root, stem rot

Stems, roots

Edgefield‐1

Stem rot

Stems

York‐1

Stem rot

Stems

York‐1

Ranunculaceae

Aquilegia × hybrida

No

Root rot

Stems

York‐1

Rosaceae

Geum borisii

No

Root rot

Stems

York‐1

Rosa sp.

No

Root rot

Roots

Berkeley‐1

Penstemon × hybrida

No

Root, stem rot

Roots

York‐1

Veronica spicata

Yes (Hu et al.
2008)

Root, stem rot

Roots

York‐1

Nerium oleander

No

Root rot

Roots

Georgetown‐1

Scrophulariaceae
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P. palmivora

No

Apocynaceae

Araliaceae

Liliaceae

Yes (Keim et
al. 1976)

Root rot

Roots

Charleston‐1
Georgetown‐1
Greenville‐1
Pickens‐1
Richland‐2
Spartanburg‐1

Hedera canariensis

No

Root rot

Roots

Charleston‐1

Hemerocallis hybrid

No

Root rot

Stems

Darlington‐1

Yes
(Strandberg
2001)

Root, crown rot

Stems

Georgetown‐1

Hedera spp.

Liriope muscari
Oleaceae

Osmanthus fragrans

No

Leaf blight

Leaves

Jasper‐1

Rubiaceae

Gardenia sp.

No

Root, stem rot

Roots

Beaufort‐1

P. cinnamomi

Asteraceae

Santolina chamaecyparissus

No

Root, stem rot

Roots

VA‐1

Crassulaceae

Sedum reflexum

No

Stem rot

Stems

York‐1

Lamiaceae

Lamiastrum galeobdolon

No

Root rot

Roots

Pickens‐1

Liliaceae

Lilium ‘Orange Delight’

No

Root rot

Roots

York‐1

Liriope muscari

No

Root rot

Roots

York‐1

Rosaceae

Rosa banksiae

No

Root rot

Roots

Lexington‐1

Saxifragaceae

Heuchera ‘Can‐Can’

No

Root rot

Roots

Aiken‐1

Itea virginica

No

Root rot

Roots

Pickens‐1

Digitalis purpurea

No

Root rot

Roots

Anderson‐1

Veronica spicata

No

Root, crown rot

Roots, soil

York‐2

Theaceae

Cleyera sp.

No

Root rot

Roots

Georgetown‐1
Pickens‐1

P. cinnamomi var.
parvispora

Hypericaceae

Hypericum androsaemum

No

Root rot

Roots

Greenville‐1

P. drechsleri

Asteraceae

Chrysanthemum ‘Cecilia’

No

Root rot

Roots

York‐1

Chrysanthemum ‘Galatino’

No

Stem rot

Roots, stems

York‐1

Dendranthema ×grandiflorum

No

Stem rot

Roots, stems

York‐1

Doronicum orientale

No

Root, crown rot

Roots, stem

York‐1

Euryops chrysanthemoides

No

Root rot

Roots

Beaufort‐1

Brassicaceae

Iberis sempervirens

No

Root rot

Roots

Richland‐1

Caryophyllaceae

Silene ‘Rolly’s Favorite’

No

Crown rot

Roots

York‐1

Scrophulariaceae
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Euphorbiaceae

P. cryptogea
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P. citrophthora

P. citricola

Euphorbia pulcherrima

Yes
(Yoshimura et
al. 1985)

Root rot

Roots

NY‐1

Water

NC‐1

Ranunculaceae

Aquilegia canadiensis

No

Root, crown rot

Roots

Berkeley‐1

Asteraceae

Coreopsis sp.

No

Root rot

Roots

Laurens‐1

Crassulaceae

Sedum spurium

No

Stem rot

Stems

York‐1

Euphorbiaceae

Euphorbia amygdaloides

No

Root rot

Roots

Aiken‐1

Lamiaceae

Calamintha grandiflora

No

Root rot

Roots

York‐1

Nepeta cataria

No

Root, stem rot

Stems

VA‐1

Soil

MD‐1

Yes (Foister
1961)

Liliaceae

Tulipa hybrid

Papaveraceae

Dicentra ‘King of Hearts’

No

Root rot

Roots, stems

York‐1

Scrophulariaceae

Digitalis purpurea

No

Root, crown rot

Roots

Berkeley‐1

Lamiaceae

Lavandula angustifolia

No

root rot

Roots

NY‐1

Rosaceae

Rosa ‘The Fairy’

No

Root rot

Roots

Berkeley‐1

Saxifragaceae

Heuchera ‘City Lights’

No

Root, crown rot

Crown

Aiken‐1

Scrophulariaceae

Penstemon × hybrida

No

Root rot

Roots

York‐1

Cornaceae

Aucuba japonica

Yes (Spencer
& Benson
1981)

Root rot

Roots

Spartanburg‐1

Liliaceae

Tulipa hybrid

No

Root rot

Roots, soil

MD‐3
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z

y
x
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v
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Yes (Aragaki
& Uchida
2001)

Root rot

Roots

York‐1

Calibrachoa ‘Starlette Yellow’

No

Root, crown rot

Roots

NY‐2

Liliaceae

Tulipa hybrid

No

Soil

MD‐1

Lamiaceae

Rosmarinus officinalis

No

Root rot

Roots, soil

Greenville‐1

Rosaceae

Alchemilla mollis

No

Root rot

Roots

Berkeley‐1

Valerianaceae

Valeriana officinalis

No

Root rot

Roots

NC‐1

P. sp.‐clemson2

Caryophyllaceae

Dianthus sp.

No

Root rot

Roots

Georgetown‐1

Totals

24 families

62 host plants in 46 genera

P. tropicalis

Araliaceae

Hedera helix

P. capsici

Solanaceae

P. megasperma
P. sp.‐clemson1

87 isolatest

All Samples from SC, two samples from VA, and one sample from NC were submitted to the Clemson University Plant Problem Clinic by both
commercial and residential clients; samples from other states were sent to our laboratory for diagnosis.
Host plants from which isolates were recovered or with which they were associated; names of plants are as complete as records permitted.
Based on the literature, the plant has (Yes) or has not (No) been reported previously to be a host of Phytophthora sp.; if a plant was reported as a
host, the appropriate reference is cited.
Symptoms observed on plant samples at the time of isolation.
Phytophthora spp. were isolated from plant organs or were baited from soil or water.
Counties in South Carolina or states from which samples originated.
One isolate was recovered from each sample.

Table 2.2. 15 isolates of species of Phytophthora that were used as standards for identification of the isolates in this studyz

Phtyophthora
species

Isolate no.

P. capsici

P3490w

P. cinnamomi

Mating
type

ITS‐RFLPsy

Database ITS‐sequence homologyx

71

AluI

MspI

GenBank

Phytophthora
Database

Phytophthora‐ID

A1

150, 170, 530

220, 290

P. capsici

P. capsici

P. capsici

P8074w

A2

150, 170, 530

220, 290

P. capsici

P. capsici

P. capsici

96‐0182

A1

550, 210, 190

400, 210, 170, 150

P. cinnamomi

P. cinnamomi

P. cinnamomi

SC.001

A2

550, 210, 190

400, 210, 170, 150

P. cinnamomi

P. cinnamomi

P. cinnamomi

SC.97‐3334

A2

550, 210, 190

400, 210, 170, 150

P. cinnamomi

P. cinnamomi

P. cinnamomi

540, 180, 165

360, 300, 220

P. citricola

P. citricola

P. citricola

540, 180, 165

360, 300, 220

P. citricola

P. citricola

P. citricola

370, 300, 220

P. citrophthora

P. citrophthora

P. citrophthora

P. cryptogea

P. cryptogea

P. cryptogea

P. drechsleri

P. drechsleri

P. drechsleri

Homo‐
thallic
Homo‐
thallic

P. citricola‐Cil IIv

W.019

P. citricola‐Cil IIIv

W.001

P. citrophthora‐Cip Iv

AF017

Sterile

540, 180, 175

P. cryptogea

P1088w

A1

720, 120

P. drechsleri

P1087w

A2

720, 120

P. nicotianae

SC.00‐1233

A1

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

SC.00‐2413

A2

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

SC.96‐1988

A1

500, 170, 150

510, 390

P. palmivora

P. palmivora

P. palmivora

SC.99‐2815

A2

500, 170, 150

510, 390

P. palmivora

P. palmivora

P. palmivora

SR‐10

A1

150, 170, 530,
690

220, 290, 350

P. capsici

P. tropicalis

P. tropicalis

P. palmivora

P. tropicalis

260, 145, 140, 120,
100
260, 145, 140, 120,
100

z
y

x
w
v

All isolates are maintained in a permanent collection at Clemson University under the supervision of S. N. Jeffers.
Restriction fragment length polymorphism (RFLP) profiles for the internal transcribed spacer (ITS) regions of nuclear ribosomal DNA that resulted
from two restriction enzymes.
Species from three different online databases that had sequences that best matched those of the study isolates with ≥99% homology.
Isolates originally obtained from the Phytophthora Collection at the University of California in Riverside, CA.
Suffixes are based on single‐strand‐conformational polymorphism profiles determined by (Kong et al. 2003).
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Table 2.3a. A comparison of 18 isolates identified as P. cryptogea and P. drechsleriz: Host plants and
mating type

Phytophthora species

Isolate no.

Host planty

P. cryptogea

P1088

Aster sp.

SC.96‐1433

Digitalis purpurea

unknown

SC.02‐0675

Calamintha grandiflora

unknown

SC.02‐0781

Coreopsis sp.

A2

SC.03‐0222

Dicentra ‘King of Hearts’

A2

SC.05‐0491

Sedum spurium

A2

SC.06‐0989

Euphorbia amygdaliodes

A2

SC.07‐0521

Nepeta cataria

A2

P1087

Beta vulgaris var. altissima

A2

SC.98‐2590

Aquilegia canadiensis

A2

SC.01‐1284

Iberis sempervirens

A2

SC.05‐0930

Chrysanthemum ‘Cecilia’

A1

SC.05‐0931

Dendranthema ×grandiflorum

A1

SC.05‐0946

Chrysanthemum ‘Galatino’

A1

SC.06‐1129

Euryops chrysanthemoides

A1

SC.08‐0655

Silene ‘Rolley’s Favorite’

A2

SC.08‐1363

Doronicum orientale

A2

K18

Euphorbia pulcherrima

P. drechsleri

z

y
x

Mating typex
A1

unknown

Isolates P1088 (P. cryptogea) and P1087 (P. drechsleri) were standards for comparison; the other 16
isolates were isolates identified in this study.
Host plants from which isolates were recovered; names of plants are as complete as records permitted.
Isolates were paired with A1 and A2 isolates of similar species on super clarified V8 agar, and plates
were held in the dark at 25°C for up to 6 weeks; three isolates failed to produce oospores (unknown).
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Table 2.3b. A comparison of 18 isolates identified as P. cryptogea and P. drechsleriz: Molecular characteristics
ITS‐RFLPsy
AluI

MspI

AluI

MspI

P1088

720, 120

700, 300,
270, 230, 180

1600, 620

SC.96‐1433

720, 120

700, 300,
270, 230, 180

1700, 200

P. cryptogea

P. drechsleri

P. sp. "kelmania"

SC.02‐0675

720, 120

700, 300,
270, 230, 180

1600, 500,
200

P. cryptogea

P. drechsleri

P. sp. "kelmania"

SC.02‐0781

720, 120

700, 300,
270, 230, 180

1600, 500,
200

P. cryptogea

P. drechsleri

P. sp. "kelmania"

SC.03‐0222

720, 120

700, 300,
270, 230, 180

1700, 200

P. cryptogea

P. cryptogea

P. cryptogea

SC.05‐0491

720, 120

700, 270,
230, 180

1700, 200

P. cryptogea

P. cryptogea,
P. drechsleri

P. cryptogea

SC.06‐0989

720, 120

700, 300,
270, 230, 180

1700, 200

P. cryptogea

P. cryptogea,
P. drechsleri

P. cryptogea

SC.07‐0521

720, 120

700, 470,
300, 270, 170

1600, 500,
200

P. cryptogea,
P. drechsleri

P. drechsleri

P. sp. “kelmania”

P1087

720, 120

260, 160,
145, 120,
100
260, 140,
125, 120,
100
260, 140,
125, 120,
100
260, 140,
125, 120,
100
260, 140,
125, 120,
100
260, 140,
125, 120,
100
260, 140,
125, 120,
100
260, 140,
125, 120,
100
260, 160,
145, 120,
100

Database ITS‐sequence homologyw
Phytophthor
GenBank
Phytophthora‐ID
a Database
P. cryptogea
P. cryptogea
P. cryptogea

700, 300,
270, 230,
200, 150, 140

1400, 600,
370

P. drechsleri

P. drechsleri

P. drechsleri

Phytophthora
species

Isolate no.

P. cryptogea
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P. drechsleri

Cox‐RFLPsx

720, 120

SC.01‐1284

720, 120

SC.05‐0930

720, 120

SC.05‐0931

720, 120

SC.05‐0946

720, 120

SC.06‐1129

720, 120

SC.08‐0655

720, 120

SC.08‐1363

720, 120

K18

720, 120
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SC.98‐2590

z
y

x
w

260, 160,
145, 120,
100
260, 160,
145, 120,
100
260, 160,
145, 120,
100
260, 160,
145, 120,
100
260, 160,
145, 120,
100
260, 160,
145, 120,
100
260, 160,
145, 120,
100
260, 160,
145, 120,
100
260, 160,
145, 120,
100

700, 300,
270, 230,
200, 150, 140
700, 300,
270, 230,
200, 150, 140
700, 300,
270, 230,
200, 150, 140
700, 300,
270, 230,
200, 150, 140
700, 300,
270, 230,
200, 150, 140
700, 300,
270, 230,
200, 150, 140
700, 300,
270, 230,
200, 150, 140
700, 300,
270, 230,
200, 150, 140
700, 300,
270, 230,
200, 150, 140

P. cryptogea,
P. sp. "kelmania",
P. drechsleri
P. drechsleri

P. drechsleri

P. sp. "kelmania"

P. drechsleri

P. drechsleri

1400, 600,
370

P. drechsleri

P. drechsleri

P. drechsleri

1400, 600,
370

P. drechsleri

P. drechsleri

P. drechsleri

1400, 600,
370

P. drechsleri,
P. cryptogea

P. drechsleri

P. drechsleri

1400, 600,
370

P. drechsleri

P. drechsleri

P. drechsleri

1400, 600,
370

P. cryptogea,
P. sp. "kelmania"

P. drechsleri

P. sp. "kelmania"

1400, 600,
370

P. drechsleri,
P. cryptogea

P. drechsleri

P. drechsleri

1400, 600,
370

P. drechsleri

P. drechsleri

P. drechsleri

1400, 600,
370
1400, 600,
370

Isolates P1088 (P. cryptogea) and P1087 (P. drechsleri) were standards for comparison; the other 16 isolates were isolates identified in this study.
Restriction fragment length polymorphism (RFLP) profiles for the internal transcribed spacer (ITS) regions of nuclear ribosomal DNA that resulted
from two restriction enzymes.
RFLP profiles for two cox genes in the mitochondrial DNA that resulted from two restriction enzymes.
Species from three different online databases that had sequences that best matched those of the study isolates with ≥99% homology.

Table 2.4a. A comparison of five isolates identified as Phytophthora capsici and P. tropicalisz: Some key
physiological and morphological characteristics

z

y
x
w

Propagulesw

Isolate no.

Phytophthora
species

Host plant or
sourcey

Mycelium
growth at
35˚Cx

Chlamydospores

Sporangia

SR‐10

P. tropicalis A1

soil

none

some/scattered

some

SC.06‐0581

P. tropicalis

Hedera helix

none

some/uniform

some

P3490

P. capsici A1

Solanum
lycopersicum

3 mm

few

many/empty

P8074

P. capsici A2

Citrellus lunatus

3.2 mm

few botryose
clusters

very few

MD‐CMH

P. capsici A1

Calibrachoa
‘Starlette Yellow’

trace

very few

none

SR‐10, P3490, and P8074 were standard isolates of known identity; SC.06‐0581 and MD‐CMH were
isolates from this study to be identified.
Isolates were recovered from plants or soil; host plants names are as complete as records permitted.
Growth of mycelium from the edge of an agar plug on clarified V8 agar after 3 days in the dark.
Relative abundance of propagules that were present on mycelium mats that had been submerged in
distilled water for 4 weeks at 15°C in the dark.
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Table 2.4b. A comparison of five isolates identified as Phytophthora capsici and P. tropicalisz: Some molecular characteristics
ITS RFLPsy

Cox RFLPsx

Database ITS‐sequence homologyw
Phytophthora
GenBank
Phytophthora‐ID
Database

Isolate
no.z

Phtyophthora
species

AluI

MspI

AluI

MspI

SR‐10

P. tropicalis A1

160, 170, 530, 700

220, 290, 350

430, 670

> 1700

P. capsici

P. tropicalis

P. tropicalis

SC.06‐
0581

P. tropicalis

160, 170, 520, 530

220, 290, 350

430, 670

> 1700

P. capsici

P. capsici,
P. tropicalis

P. tropicalis

P3490

P. capsici A1

160, 170, 520, 530

220, 290

430, 670

900, 1400

P. capsici

P. capsici

P. capsici

P8074

P. capsici A2

160, 170, 520, 530

220, 290

430, 670

> 1700

P. capsici

P. capsici

P. capsici

MD‐CMH

P. capsici A1

160, 170, 530, 700

220, 290, 350

430, 670

710, 1400

P. capsici,
P. tropicalis

P. capsici,
P. tropicalis

P. tropicalis
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SR‐10, P3490, and P8074 were standard isolates of known identity; SC.06‐0581 and MD‐CMH were isolates from this study to be identified.
Restriction fragment length polymorphism (RFLP) profiles for the internal transcribed spacer (ITS) regions of nuclear ribosomal DNA that resulted
from two restriction enzymes.
RFLP profiles for two cox genes in the mitochondrial DNA that resulted from two restriction enzymes.
Species from three different online databases that had sequences that best matched those of the study isolates with ≥99% homology.

Table 2.5a. Some morphological and physiological characteristics of four isolates identified as unusual specimens of Phytophthora spp.

z
y
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x

Isolate no.

Tentative
designation

Host plantz

SC.97‐2309

P. sp.‐clemson1

Valeriana officinalis

SC.97‐2466

P. sp.‐clemson1

SC.00‐1694
SC.02‐1362

Mating
typey

Sporangiax

Sporangiophorex

Papilla

Caducity

A1

inconspicuous,
non‐papillate

non‐caducous

internally
proliferating

Alchemilla mollis

A1

inconspicuous,
non‐papillate

non‐caducous

internally
proliferating

P. sp.‐clemson1

Rosmarinus officinalis

A1

inconspicuous,
non‐papillate

non‐caducous

internally
proliferating

P. sp.‐clemson2

Dianthus sp.

unknown

inconspicuous,
non‐papillate

non‐caducous

internally
proliferating

Host plants from which isolates were recovered; names of plants are as complete as records permitted.
Isolates were paired with A1 and A2 isolates of similar species on super clarified V8 agar, and plates were held in the dark at 25°C for up to 6 weeks;
one failed to produce oospores (unknown).
Sporangia were produced on sporangiophores when clarified V8 agar plugs were flooded with non‐sterile extract solution and placed under
fluorescent lights at room temperature for 24 h.

Table 2.5b. Some molecular characteristics of five isolates identified as unusual specimens of Phytophthora spp.

Isolate no.

z

y

Tentative
designation

ITS‐RFLPsz
AluI

SC.97‐2309

P. sp.‐clemson1

730, 190

SC.97‐2466

P. sp.‐clemson1

730, 190

SC.00‐1694

P. sp.‐clemson1

730, 190

SC.02‐1362

P. sp.‐clemson2

610, 270

Database ITS‐sequence homologyy

MspI

GenBank

400, 210,
165, 150
400, 210,
165, 150
400, 210,
165, 150

P. sojae,
P. sp. "niederhauserii"
P. sojae,
P. sp. "niederhauserii"
P. sojae,
P. sp. "niederhauserii"

390, 370

P. sp. "lagoariana"

Phytophthora Database

Phytophthora‐ID

P. sojae

P. sp. "niederhauserii"

P. sojae

P. sp. "niederhauserii"

P. sojae

P. sp. "niederhauserii"

P. sp. "lagoariana"

P. sp. "lagoariana"
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Restriction fragment length polymorphism (RFLP) profiles for the internal transcribed spacer (ITS) regions of nuclear ribosomal DNA that resulted
from two restriction enzymes.
Species and tentative species from three different online databases that had sequences that best matched those of the study isolates with ≥99%
homology.

Figure 2.1. Restriction profiles for cox genes I and II after digestion with enzymes AluI
(top) and MspI (bottom) from eight isolates of P. cryptogea and ten isolates of P.
drechsleri.

L

1 2

3 4 5

6

7 8 9 10 11 12 13 14 15 16 17 18 L

L

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 L

P. cryptogea: Lanes 1, 3, 6, 7, 8, 9, 13, 15; P. drechsleri: Lanes 2, 4, 5, 10, 11, 12, 14, 16,
17, 18. L= 100‐bp DNA ladder; 1 = P. cryptogea P1088; 2 = P. drechsleri P1087; 3 =
SC.96‐1433; 4 = SC.98‐2590; 5 = SC.01‐1284; 6 = SC.02‐0675; 7 = SC.02‐0781; 8 = SC.03‐
0222; 9 = SC.05‐0491; 10 = SC.05‐0930; 11 = SC.05‐0931; 12 = SC.05‐0946; 13 = SC.06‐
0989; 14 = SC.06‐1129; 15 = SC.07‐0521; 16 = SC.08‐0655; 17 = SC.08‐1363; 18 = K 18.
The isolates of P. cryptogea have five different restriction profile combinations for the
two enzymes: lane 1; lanes 3, 8 and 13; lanes 6 and 7; lane 9; lane 15.
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Figure 2.2. ITS‐RFLP (top) and cox‐RFLP (bottom) profiles with restriction enzymes AluI
(left) and MspI (right) for five isolates of P. capsici and P. tropicalis: From left to right for
each enzyme, 100‐bp ladder, P. tropicalis A1 SR‐10 (standard), P. capsici A1 P3490
(standard), P. capsici A2 P8074 (standard), isolate SC.06‐0581, and isolate MD‐CMH
(poor quality digestion in cox‐RFLP profile).
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Figure 2.3. Mycelium growth by four isolates on clarified V8 agar after 3 days at 35˚C:
no growth from isolate SC.06‐0581 (top left) and P. tropicalis isolate SR‐10 (top right);
uniform growth around the plug by P. capsici isolate P8074 (bottom left); and a trace
amount of growth by isolate MD‐CMH (bottom right).
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Figure 2.4. Propagules produced by P. tropicalis isolate SR‐10 on mycelium mats
submerged in sterile distilled water after incubation for 4 weeks at 15°C in the dark:
Chlamydospores and sporangia (top) and a single chlamydospore (bottom). Bars = 30
µm.
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Figure 2.5. Typical sporangia and sporangiophores produced by isolates designated as
Phytophthora sp.‐clemson1 in non‐sterile soil extract solution: Elongated ovoid shape of
a sporangium (top) and sympodial branching and internal proliferation on a single
sporangiophore (bottom). Bars = 50 µm.
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CHAPTER 3
PRE‐PLANT SANITATION TREATMENTS DID NOT AFFECT
GROWTH OF DAYLILY AND HOSTA PLANTS

Introduction
Hostas (Hosta spp.) and daylilies (Hemerocallis spp.) are two of the most popular
herbaceous perennial plants produced in nurseries and planted in landscapes (1,10,15).
Both are propagated vegetatively for commercial production—often by planting
dormant bare‐root plants. Although species in these two plant genera usually are
considered relatively free of serious disease problems (1,8,9,10), both genera can be
affected by crown and root rots as well as soft rot during production (2,8,9,10,15; S. N.
Jeffers, personal communication).

Propagules of the pathogens that cause these

diseases can be present on propagation stock at the time of planting, either
inadvertently introduced at the original production facility or by contamination on‐site,
and these propagules can serve as primary inoculum to initiate disease (8).
Prevention often is the least expensive and most effective way to avoid many
disease problems, and exclusion and sanitation can be effective strategies for disease
prevention. Starting with high‐quality, pathogen‐free planting stock is an essential part
of an overall integrated disease management program (e.g. 5,7,12). Once diseases
develop and become established in a crop, more frequent and expensive management
actions often are required; in addition, repeated control measures may lead to other
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problems—such as phytotoxicity, outbreaks of secondary diseases, or fungicide
resistance (6). Proper sanitation usually is one of the most effective disease‐prevention
strategies (Jones & Benson 2001). An initial investment in pathogen‐free stock can be
economically effective since poor quality stock can cost much more in the long run due
to increased management costs, lower crop quality, and lost sales revenue (8).
Therefore, sanitation of propagation stock prior to planting can be an effective and
economical disease management strategy if treatments have no deleterious effects on
plant growth and development (4,5).
Chlorine chemistry and phytotoxicity. Chemicals often are used in plant disease
management to eradicate pathogens and reduce primary inoculum (12,17).

Even

though the properties, activity, and effectiveness of chlorination treatment for
sanitation have been studied previously and used commonly in the ornamental plant
industry to treat irrigation water and hard surfaces, the use of disinfestants in the
production of ornamental plants currently is limited by a lack of data on efficacy,
residual activity, and potential for plant damage (3,4,5,11).

There are many

disinfestants available commercially, but only a few are labeled for use in plant
production areas, such as hypochlorites (3).
Chlorine is a universally accepted disinfestant for water‐borne pathogens. It is
available in gas, liquid, and solid form; all of them deliver hypochlorous acid, or HOCL
(the sanitizing form of chlorine), upon dissolution in water. The reaction for liquid
bleach (20) is:
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NaOCL + H2O → HOCL + Na+ + OH‐
Sodium chlorite is an excellent bleaching agent because it is relatively selective for
lignin. Hypochlorites are formed by the dissolution of chlorine gas in alkali. In solution,
equilibrium exists between hypochlorite, hypochlorous acid, and chlorine (7):
Cl ÅÆHOCl ÅÆ OCl‐
Propagation material in the rooting stage with succulent new growth usually is
more susceptible to phytotoxicity than plants with mature foliage (8).

However,

propagation stock in a dormant physiological condition should be less susceptible to
phytotoxicity than plants in either of these other two developmental stages because
active growth has not begun yet. Therefore, the objective of this study was to evaluate
the effects of a sanitation treatment of 10% household bleach applied to dormant
propagation stock of hostas and daylilies on subsequent plant growth and development.
A preliminary report has been published (16).
Materials and Methods
Plants, sanitation treatment, and planting. Dormant to semi‐dormant bare‐root
plants of Stella de Oro daylilies (Hemerocallis ‘Stella de Oro’) and three hosta hybrids
(Hosta ‘Albomarginata’, H. ‘Aureomarginata’, and H. ‘Wide Brim’) were provided by a
local production nursery (Figure 3.1.). These plants had been covered in moist peat and
held at a warehouse in cold storage to prevent desiccation and maintain dormancy. So,
plants were washed free of peat debris with a stream of tap water prior to treatment.
Washed plants were soaked for 0, 1, 5, and 10 min in 10% household bleach solution.
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The bleach solution was prepared by mixing 1 liter of Clorox (The Clorox Co., Oakland,
CA; which contained 6% sodium hypochlorite as the active ingredient) with 9 liters of
tap water and 1 to 2 ml of liquid dish soap, as a surfactant; the solution had a final
concentration of 0.6% NaOCl. Individual plants were rinsed thoroughly with tap water
and planted in plastic 2.5‐liter pots filled with soilless container mix (Fafard 3B: Conrad
Fafard, Inc., Agawam, MA), and pots were placed outside and randomized. Plants were
watered as needed and allowed to grow for 40 to 50 days (Figure 3.2).
Daylily trials. Two trials, 1 and 2, were conducted with daylilies, and 18 and 10
replicate plants were used for each sanitation treatment, respectively. The effects of
sanitation treatments were evaluated based on plant growth and flower development.
Plant height was quantified five times during the first 25 days after planting by
measuring the length of the longest leaf on each plant from the soil surface to the tip.
The numbers of flower stalks, flower buds, and flowers were counted five times during
the first 28 and 26 days after planting in trials 1 and 2, respectively. The foliage from
each plant was harvested and weighed at the end of both trials—at 40 and 56 days after
planting in trials 1 and 2, respectively.
Hosta trials. Three trials were conducted with hosta plants. Nine Albomarginata
plants were used for each of three soaking durations—0, 1, and 5 min—in trial 1, and 10
replicate plants of each of the three cultivars were used for each of four soaking
durations in trials 2 and 3 (i.e., 30 plants per treatment). Because hostas primarily are
grown as foliage plants (1,10,15), the effect of the sanitation treatments was evaluated
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by assessing leaf growth. Foliage from all plants was harvested and weighed at the end
of each trial: 46 days for trial 1 and 50 days for trials 2 and 3.
Statistical analyses. SAS for Windows (ver. 9.1) was used to analyze all data, and
data for daylilies and hostas were analyzed independently. In the daylily trials, data on
the last evaluation date for each growth parameter (e.g., 28 and 26 days in trials 1 and
2, respectively) were analyzed by two‐way analysis of variance (ANOVA)—with
treatments and trials as main effects. In the hosta trials, data for each of the three
cultivars were analyzed separately because cultivars grew at different rates and
numbers of replicate plants varied—i.e., 29 for Albomarginata, 20 for Aureomarginata,
and 20 for Wide Brim. Again, two‐way ANOVAs were used for the data on each cultivar
with treatments and trials as main effects.
Results
Data from the individual trials for daylilies and hostas were similar, and there
were no statistically significant trial by treatment interactions in two‐way ANOVAs.
Therefore, data from individual trials for each plant type were combined for analyses.
However, graphs of flower development for daylily plants (Figures 3.3. 3.4, 3.5) are
based on results from individual trials because measurements in the two trials were not
taken at the same time intervals, which prevented merging the datum sets. Overall,
soaking dormant plants in 10% bleach solution was easy and problem‐free. Plants
appeared much cleaner and whiter after soaking and there were no obvious deleterious
effects from the treatments.
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Daylily trials. Soaking dormant daylily plants in 10% bleach solution for 1 to 10
min had no effect on plant growth and development over the duration of this
experiment. Treated plants grew just as well as those that were not soaked in bleach
solution. During the first 28 days of growth, there were no observed differences in leaf
height (Figure 3.3) and in the numbers of flower stalks per plant (Figure 3.4) and the
numbers of flower buds per plant (Figure 3.5) that developed on plants soaked in the
bleach solution for different time intervals. When data were analyzed statistically, there
were no significant differences in any of the growth parameters measured (Table 3.1)—
including overall plant size at the end of the trials as measured by leaf weight.
Hosta trials. Likewise, soaking dormant hosta plants in 10% bleach solution for 1
to 10 min had no significant effect on the growth of the three cultivars used in this
experiment (Table 3.2). Fresh weights of plants soaked for 1 to 10 min were the same
as those from plants that were not soaked after plants were grown for 46 to 50 days.
After harvesting foliage, all daylily and hosta plants were allowed to go dormant
over the winter. In the second growing season, plants were watered and fertilized as
needed and observed periodically. There were no obvious visible differences in shoot
emergence, growth, and development over the duration of the growing season between
the treated and non‐treated plants of either genus.
Discussion
In these experiments, pre‐plant sanitation treatments with 10% household
bleach solution proved to be safe to use on dormant to semi‐dormant plants of Stella de
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Oro daylily and Albomarginata, Aureomarginata, and Wide Brim hosta. Plants that were
soaked in bleach solution for 1 to 10 minutes before planting grew just as well as plants
that were not soaked in bleach solution, and no evidence of deleterious effects on plant
growth and development was found. Observations on these plants in the second
growing season after treatment confirmed that there were no long‐term or carry‐over
effects from the sanitation treatments. Based on the results from these experiments,
several thousand dormant hosta plants at a large‐scale wholesale nursery in South
Carolina were soaked in 10% bleach solution for 3 to 5 min prior to planting. Treated
and non‐treated plants grew similarly—with no visible differences between the two
groups of plants at the end of the growing season—and treated plants were sold
through regular channels (S. N. Jeffers, personal communication).

Consequently,

application of a sanitation treatment with a bleach solution to dormant planting stock
could be an effective and economical disease management practice for these popular
perennial plants.
In this study, only four cultivars and two genera of perennial plants were used.
However, pre‐plant sanitation treatments like the ones used in this study should have
broad application to other species of both herbaceous and woody perennial plants used
in the floriculture and nursery industries. Obviously, the safety of sanitation treatments
on other plant species will need to be confirmed before using such treatments in
commercial production. These treatments could provide an economical and efficient
strategy to reduce or eliminate pathogen propagules that may be present on
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propagation stock prior to planting. Such treatments could prevent the introduction
and establishment of new pathogens into a nursery or landscape and thus prevent
development of the diseases they cause. This may be of particular importance when
working with propagation stock coming from outside the United States—which may
carry foreign or exotic strains or species of pathogens. The plant trade has been
recognized as a principal pathway for introduction of exotic plant pathogens (e.g. 14). In
addition, other registered disinfestants, such as hydrogen dioxide and different forms of
chlorine (e.g., calcium hypochlorite, chlorine gas, and chlorine dioxide) that have been
used by ornamental plant producers (4,5,10,11,13), also may be useful and economical
as pre‐plant sanitation treatments, but appropriate experiments will need to be
conducted to verify that they are safe to use and pose no threat of phytotoxicity.
The activity and effectiveness of disinfestants depend on chemical reactions that
are affected by properties of both water (e.g., pH, salinity, presence of organic and
inorganic substances, etc.) and surfaces, the distribution of disinfestant in the body of
water, the duration that molecules with biocidal activity are in contact with target
organisms, volatilization of the active chemical, and evaporative drying of the
disinfestant from a surface (3,4). The concentration of the bleach solution at 10% used
in this study was equivalent to 0.6% NaOCl, which is used commonly when disinfesting
plant material (12,18,19). The rates used in other sanitation treatments may need to be
adjusted depending on the plant species being treated and the pathogens being
targeted. Removal of the peat covering the bare‐root plants used in this study was
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important to maintain efficacy and to prevent reaction with non‐target organic material
and, therefore, lowering the concentration of sodium hypochlorite and minimizing the
formation of hypochlorous acid, which attacks cellulose (4,7,11,13).
In this study, dormant plants were rinsed thoroughly to remove residual bleach
solution, which might have been deleterious to emerging plant roots and shoots, prior
to planting. However, in retrospect, rinsing plants after treatment may not be necessary
if plants are watered thoroughly after planting. Watering the plants should remove any
residual bleach solution before roots and shoots begin to grow. This would eliminate
one step in the treatment process, which could be beneficial on a commercial scale.
Nevertheless, this treatment strategy should be tested experimentally before it is put
into practice commercially.
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Table 3.1. The effect of soaking dormant plants of Stella de Oro daylilies in 10% bleach
solution for four durations on five growth parametersa
Growth
parameter

a

b

c

d
e

f

Soaking duration (min)b

ANOVAc

0

1

5

10

F value

Pr > F

Leaf weightd (g)

14.8
(±4.3)

14.3
(±4.5)

13.5
(±5.2)

14.8
(±3.2)

0.58

0.665

Leaf heighte (cm)

27.1
(±3.0)

27.4
(±3.7)

26.1
(±2.8)

26.6
(±2.2)

0.63

0.644

Flower stalksf (no.)

2.4
(±1.2)

2.1
(±1.4)

2.1
(±1.2)

2.4
(±1.2)

0.83

0.557

Flower budsf (no.)

7.4
(±4.5)

6.0
(±4.4)

5.5
(±4.2)

7.6
(±5.2)

1.52

0.369

Flowersf (no.)

2.2
(±2.3)

1.8
(±2.0)

1.9
(±2.3)

3.7
(±3.4)

3.23

0.180

Dormant plants were soaked prior to planting, and then individual plants were grown in
soilless container mix in 2.5‐liter plastic pots outside for 40 and 56 days in trials 1 and 2,
respectively.
Values are means and standard deviations (in parentheses) of 28 plants from two trials that
were combined for analysis; there were 18 and 10 replicate plants used in trials 1 and 2,
respectively.
Results from analyses of variance (ANOVA); Pr > F is the probability of a greater F value
occurring.
Fresh weight of all leaves on a plant was measured at the end of each trial.
Height from the soil surface to the tip of the longest leaf was measured 25 days after
planting.
Numbers of flower stalks, opened and unopened flower buds, and flowers per plant were
counted 28 and 26 days after planting in trials 1 and 2, respectively.
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Table 3.2. The effect of soaking dormant plants of three hosta cultivars in 10% bleach
solution for four durations on the fresh weight of foliage (g)a

Cultivar

b

c
d

ANOVAd

0

1

5

10

F value

Pr > F

1,2,3

14.8
(±4.3)

14.3
(±4.5)

13.5
(±5.2)

14.8
(±3.2)

1.26

0.382

Aureomarginata

2,3

27.1
(±3.0)

27.4
(±3.7)

26.1
(±2.8)

26.6
(±2.2)

2.99

0.196

Wide Brim

2,3

2.4
(±1.2)

2.1
(±1.4)

2.1
(±1.2)

2.4
(±1.2)

0.31

0.818

Albomarginata

a

Trials

Soaking duration (min)c

b

Dormant plants were soaked prior to planting, and then individual plants were grown in
soilless container mix in 2.5‐liter plastic pots outside for 46 to 50 days.
Three trials were conducted: nine replicate plants of Albomarginata were used in trial 1, and
ten replicate plants of each cultivar were used trials 2 and 3; trials were combined for
analysis, so means are of 29 plants for Albomarginata and 20 plants for the other two
cultivars.
Values are means and standard deviations (in parenthesis) for all trials combined.
An analysis of variance (ANOVA) was conducted for each cultivar; Pr > F is the probability of a
greater F value occurring.
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Figure 3.1. Semi‐dormant daylily plant (top), with shoots just starting to elongate, and a
dormant hosta plant (bottom).
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Figure 3.2. Daylily (left) and hosta (right) plants 12 days after pre‐plant sanitation treatments and planting. Before planting,
dormant plants were not treated (control, white labels) or were soaked in 10% bleach solution for three durations: 1 min
(red labels), 5 min (green labels), and 10 min (orange labels).
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Figure 3.3. Effect of sanitation treatments on mean heights (n = 10) of daylily plants at
1, 7, 11, 17, and 25 days after planting in trial 2. Dormant plants were not soaked (0
min) or were soaked for 1, 5, and 10 min in 10% bleach solution before planting, and
then the length of the longest leaf on each plant was measured.
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Figure 3.4. Effect of sanitation treatments on mean numbers of flower stalks per plant
(n = 18) on daylily plants at 9, 13, 17, 23, and 28 days after planting in trial 1. Dormant
plants were not soaked (0 min) or were soaked for 1, 5, and 10 min in 10% bleach
solution before planting.
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Figure 3.5. Effect of sanitation treatments on mean numbers of flower buds per plant (n
= 18) on daylily plants at 9, 13, 17, 23, and 28 days after planting in trial 1. Dormant
plants were not soaked (0 min) or were soaked for 1, 5, and 10 min in 10% bleach
solution before planting.
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Appendix A
List of all isolates used in this study: Geographic information
Isolate

Source

Number

Common Name

Genus

Species

96‐0646

Cleyera

Cleyera

96‐1433

Foxglove

97‐2309

Geographic Origin
Cultivar
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Plant Type

Substrate

City

County

State

sp.

Shrub

Roots

Clemson

Pickens

SC

Digitalis

pupurea

Herbaceous

Roots, stems, L.D.

Moncks Corner

Berkeley

SC

Garden valerian

Valeriana

officinalis

Herbaceous

Soil, roots

Brevard

Transylvania

NC

97‐2466

Lady's Mantle

Alchemilla

mollis

Herbaceous

Roots

Moncks Corner

Berkeley

SC

98‐2590

Columbine

Aquilegia

canadiensis

Herbaceous

Roots

Moncks Corner

Berkeley

SC

99‐1940

Purple St. Johns Wort

Hypericum

androsaemum

Albury Purple

Shrub

Roots

Greenville

Greenville

SC

99‐2222

Foxglove

Digitalis

pupurea

Excelsior

Herbaceous

Roots

Pendleton

Anderson

SC

00‐1182

Cleyera

Cleyera

sp.

Herbaceous

Roots

Murrells Inlet

Georgetown

SC

00‐1531

Daylily

Hemerocallis

hybrid

Herbaceous

Stem, roots

Anderson

Anderson

SC

00‐1694

Creeping Rosemary

Rosmarinus

officianalis

Shrub

Roots

Peltzer

Greenville

SC

00‐1994

Yellow Archangel

Lamiastrum

galeobdolon

Herbaceous

Roots

Easley

Pickens

SC

00‐2449

Ivy

Hedera

sp.

Herbaceous

Roots

Columbia

Richland

SC

Double Pompon

Herman's Pride

01‐1284

Candytuft

Iberis

sempervirens

Herbaceous

Roots

Columbia

Richland

SC

02‐0675

Beautiful Mint

Calamintha

grandiflora

Herbaceous

Roots

York

York

SC

02‐0777

Japanese Aucuba

Aucuba

japonica

Shrub

Roots

Spartanburg

Spartanburg

SC

02‐0781

Tickseed

Coreopsis

sp.

Herbaceous

Roots

Laurens

Laurens

SC

02‐0875

Oleander

Nerium

oleander

Shrub

Roots

Georgetown

Georgetown

SC

02‐0912

Virginia Sweetspire

Itea

virginica

Little Henry"Sprich"

Dwarf Shrub

Roots

Clemson

Pickens

SC

02‐1047

Lily

Lilium

hybrid

Orange Delight

Herbaceous

Roots

York

York

SC

02‐1054

Lady Banks Rose

Rosa

banksiae

Lady Banks

Shrub

Roots

Lexington

Lexington

SC

02‐1065

Phlox

Phlox

sp.

Herbaceous(a&p)

Stems, twigs

York

York

SC

02‐1091

Lavender

Lavandula

officinalis

Shrub

Roots

Pendleton

Anderson

SC

Source

Isolate
Number

Common Name

Genus

Species

02‐1268

Ivy

Hedera

sp.

02‐1283

Annual vinca

Vinca

rosea

02‐1320

English Ivy

Hedera

02‐1333

Asiatic Lily

02‐1338

Ivy

02‐1362

Geographic Origin
Cultivar

Plant Type

Substrate

City

County

State

Herbaceous

Roots

Greenville

Greenville

SC

Herbaceous

Roots

Hartsville

Darlington

SC

sp.

Herbaceous

Roots

Spartanburg

Spartanburg

SC

Lilium

hybrid

Herbaceous

Stems, roots

York

York

SC

Pacifica

Hedera

sp.

Herbaceous

roots

Blythewood

Richland

SC

Dianthus

sp.

Herbaceous

Roots

Georgetown

Georgetown

SC

Herbaceous

Roots

Georgetown

Georgetown

SC

Herbaceous

Roots

York

York

SC
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02‐1441

Ivy

Hedera

sp.

03‐0222

Fern‐leaf Bleeding heart

Dicentra

hybrid

03‐0448

Periwinkle; Myrtle

Vinca

minor

Herbaceous

Roots

Greenville

Greenville

SC

03‐0524

Russian sage

Perovskia

atriplicifolia

Sub‐shrub

Roots

York

York

SC

03‐0525

Spiked Speedwell

Veronica

spicata

Minuet

Herbaceous

Roots

York

York

SC

03‐0599

Spiked Speedwell

Veronica

spicata

Red Fox

Herbaceous

Stems

York

York

SC

03‐0600

Russian sage

Perovskia

atriplicifolia

Sub‐shrub

Stems

York

York

SC

03‐0617

Hosta

Hosta

hybrid

Gold Standard

Herbaceous

Leaves

York

York

SC

03‐0802

Daylily

Hemerocallis

hybrid

King Lamoni

Herbaceous

Stems

York

York

SC

03‐0814

Hibiscus

Hibiscus

moscheutos

Disco Bell

Herbaceous

Stems

Trenton

Edgefield

SC

03‐0834

Stonecrop

Sedum

spectabile

Autum Joy

Herbaceous

Stems

York

York

SC

03‐0940

Gardenia

Gardenia

sp.

Shrub

Roots

Columbia

Lexington

SC

04‐0919

English Ivy

Hedera

sp.

Herbaceous

Roots

Clemson

Pickens

SC

04‐1110

Rosemary

Rosmarinus

officinalis

Herbaceous

Stems, roots

Easley

Anderson

SC

King of Hearts

04‐1114

Liriope

Lilium

hybrid

Evergreen Giant

Herbaceous

Stems

Georgetown

Georgetown

SC

04‐1118

Stonecrop

Sedum

spectabile

Autum Joy

Herbaceous

Stems

York

York

SC

04‐1145

Daylily

Hemerocallis

hybrid

Darius

Herbaceous

Stems

York

York

SC

04‐1231

Hosta

Hosta

hybrid

Halcyon

Herbaceous

Leaf (foliar blight)

York

York

SC

04‐1324

Gardenia

Gardenia

sp.

Shrub

Roots

Walterboro

Colleton

SC

Source

Geographic Origin

Isolate
Number

Common Name

Genus

Species

Cultivar

Plant Type

Substrate

City

County

State

04‐1327

Spruce stonecrop

Sedum

reflexum

Blue Spruce

Herbaceous

Stems

York

York

SC

04‐1366

Columbine

Aquilegia

vulgaris

Winky Red/White

Herbaceous

Roots

York

York

SC

05‐0403

Garden Phlox

Phlox

paniculata

Pink Flame

Herbaceous

Stems

York

York

SC

05‐0491

Two‐Row Stone Crop

Sedum

spurium

Dragon's Blood

Herbaceous

Stems

York

York

SC
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05‐0690

Hibiscus

Hibiscus

syriacus

Lohengrin

Shrub

Stems

Trenton

Edgefield

SC

05‐0692

Hens‐and‐Chicks

Sempervirum

tectorum

Red Beauty

Herbaceous

Stems

York

York

SC

05‐0749

Yellow Archangel

Lamiastrum

galeobdolon

Herman's Pride

Herbaceous

Stems

York

York

SC

05‐0791

Ivy

Hedera

sp.

Herbaceous

Roots

Charleston

Charleston

SC

05‐0798

Spiked Speedwell

Veronica

spicata

Minuet

Herbaceous

Roots, soil

York

York

SC

05‐0867

Sweet/Tea Olive

Osmanthus

fragrans

SC‐3284‐06

Shrub

Leaves? (SOD)

Hardeeville

Jasper

SC

05‐0911

Daylily

Hemerocallis

hybrid

Herbaceous

Stems

Hartsville

Darlington

SC

05‐0930

Chrysanthemum

Chrysanthemum

hybrid

Cecilia

Herbaceous

Roots

York

York

SC

05‐0931

Fall garden mum

Dendranthema

xgrandiflorum

Brigitte

Herbaceous

Stems

York

York

SC

05‐0946

Chrysntemum

Chrysanthemum

hybrid

Galatino

Herbaceous

Roots

York

York

SC

05‐0995

Coral Bells

Heuchera

hybrid

Can‐Can

Herbaceous

Roots?

Aiken

Aiken

SC

06‐0447

Russian sage

Perovskia

atriplicifolia

Sub‐shrub

Stems

York

York

SC

06‐0496

Russian sage

Perovskia

atriplicifolia

Sub‐shrub

Roots, stems

York

York

SC

06‐0581

English Ivy

Hedera

helix

Herbaceous

Roots

York

York

SC

06‐0989

Euphorbia

Euphorbia

amygdaloides

Herbaceous

Roots

Aiken

Aiken

SC

06‐0991

Periwinkle

Vinca

minor

Herbaceous

Roots

York

York

SC

06‐1040

Cockscomb

Celosia

sp.

Herbaceous

Stems

Georgetown

Georgetown

SC

06‐1129

Bull's Eye/African bushdaisy

Euryops

chrysnthemoides

Herbaceous

Roots

Beaufort

Beaufort

SC

06‐1142

Ivy; Azortica

Hedera

canarensis

Azortica

Herbaceous

Roots

Charleston

Charleston

SC

07‐0248

Cathedral Rose

Penstemon

hybrida

Home run

Herbaceous

Roots

York

York

SC

07‐0303

Coral Bells

Heuchera

hybrid

City Lights

Herbaceous

Crown

Aiken

Aiken

SC

Source

Geographic Origin

Isolate
Number

Common Name

Genus

Species

Cultivar

Plant Type

Substrate

City

County

State

08‐0655

Campion/Catchfly

Silene

hybrid

Rolly's Favorite

Herbaceous

Roots

York

York

SC

07‐0495

Fairy Rose

Rosa

hybrid

The Fairy

Sub‐shrub

Roots

Moncks Corner

Berkeley

SC

07‐0521

Catnip

Nepeta

cataria

Herbaceous

Stems

Crozet

Albemarle

VA

07‐0522

Lavender cotton

Santolina

chamaecyparissus

Pretty Carroll

Herbaceous

Roots

Crozet

Albemarle

VA

108

07‐0662

Petunia

Petunia?

Herbaceous (a)

Roots

Columbia

Richland

SC

07‐0684

Beard‐tongue

Penstemon

xhybrida

Cathedral Rose

Herbaceous

Roots/Stems

York

York

SC

07‐0708

Cleopatra Liriope

Liriope

muscari

Cleopatra

Herb. ‐ Grass

Roots

York

York

SC

07‐1265

Gardenia

Gardenia

sp.

Shrub

Roots

Bluffton

Beaufort

SC

07‐1391

Rose

Rosa

sp.

Subshrub

Roots

Moncks Corner

Berkeley

SC

08‐0774

Boris' avens

Geum

borisii

Lady Stratheden

Herbaceous

Roots

York

York

SC

08‐1363

Leopard's Bane

Doronicum

orientale

Little Leo

Herbaceous

Roots/stem (crown)

York

York

SC

Tulip VE‐1

Tulip

Tulipa

hybrid

MD CMH

Calibrachoa

Calibrachoa

hybrid

K18

Poinsettia

Euphorbia

pulcherrima

NY

PIN 1

Lavender

Lavandula

angustifolia

NY

NY
Starlette Yellow

NY

Appendix B
List of all isolates used in this study: Morphological and physiological characters
Isolate
Number

Sporangia
Shape

Caducity

Sporangiophore
proliferation

Papilla

Oospore
production

109

96‐0646

Ellipsoid

Non caducous

Simple sympodial

Semipapillate

Heterothallic

96‐1433

Ellipsoid

Non caducous

Nested

Non papillate

Unknown

97‐2309

Elongated, ovate

Non caducous

Internal

Non papillate

97‐2466

Ovate‐elongated

Non caducous

Internal

98‐2590

Ovate

Non caducous

99‐1940

Ellipsoid

99‐2222
00‐1182

Antheridium
attachment

Mating Trials
Trial
Pairing Species
No.

Type

Amphigynous

P. cinnamomi

1

A2

x

?

Heterothallic

Amphigynous

1,2*

A1

Non papillate

Heterothallic

Amphigynous

P. cryptogea?
P. drechsleri/
P. cinnamomi*
P. drechsleri/
P. cinnamomi*

1,2*

A1

Internal/Sympodial

Non papillate

Heterothallic

Amphigynous

P. cryptogea

2

A2

Non caducous

Nested/Internal

Non papillate

Heterothallic

Amphigynous

P. cinnamomi

1

A1

Ellipsoid/Ovoid

Non caducous

Sympodial

Non papillate

Heterothallic

Amphigynous

P. cinnamomi

1

A2

Ellipsoid/Ovoid

Non caducous

Sympodial

Non papillate

Heterothallic

Amphigynous

P. cinnamomi

1

A2

00‐1531

Ovoid

Non caducous

Simple sympodial

Papillate

Heterothallic

Amphigynous

1

A2

00‐1694

Ovate‐elongated

Non caducous

Internal

Non papillate

Heterothallic

Amphigynous

P. nicotianae
P. drechsleri/
P. cinnamomi*

1,2*

A1

00‐1994

Ellipsoid/Ovoid

Non caducous

Simple sympodial

Non papillate

Heterothallic

Amphigynous

P. cinnamomi

1

A2

00‐2449

Ellipsoid/Ovoid

Caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

2

A2

01‐1284

Ovoid

Non caducous

Internal/Nested

Non papillate

Heterothallic

Amphigynous

P. cryptogea

2

A2

02‐0675

Spheroid/Ovoid

Non caducous

Internal

Non papillate

Unknown

P. cryptogea?

x

?

02‐0777

Ovoid

Non caducous

Sympodial

Semipapillate

Homothallic

Paragynous

N.A.

N.A.

H

02‐0781

Ellipsoid/Ovoid

Non caducous

Nested

Non papillate

Heterothallic

Amphigynous

P. cryptogea

3

A2

02‐0875

Ellipsoid/Ovoid

Caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

02‐0912

Ellipsoid/Ovoid

Non caducous

Sympodial

Non papillate

Heterothallic

Amphigynous

P. cinnamomi

1

A2

02‐1047

Ellipsoid

Non caducous

Sympodial

Non papillate

Heterothallic

Amphigynous

P. cinnamomi

1

A1

02‐1054

Ovoid

Non caducous

Sympodial

Non papillate

Heterothallic

Amphigynous

P. cinnamomi

1

A2

02‐1065

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

Isolate
Number

Sporangia
Shape

Caducity

Sporangiophore
proliferation

Papilla

Oospore
production

Antheridium
attachment

Mating Trials
Trial
Pairing Species
No.

Type

110

02‐1091

Spheroid/Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

02‐1268

Ellipsoid/Ovoid

Caducous

sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

02‐1283

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

02‐1320

Ellipsoid/Ovoid

Caducous

sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

02‐1333

Spheroid/Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

02‐1338

Ovoid

Caducous

Sympodial

Papillate

Heterothallic

Amphigynous

02‐1362

Ovoid

Non caducous

Nested

Non papillate

Unknown

02‐1441

Spheroid

Caducous

Sympodial

Papillate

Heterothallic

03‐0222

Ovoid

Non caducous

Nested

Non papillate

03‐0448

Spheroid

Non caducous

Sympodial

03‐0524

Ovoid

Non caducous

03‐0525

Ovate

03‐0599

Ellipsoid/Ovoid

P. nicotianae

1

A1

P. lagoariana?

x

?

Amphigynous

P. nicotianae

1

A1

Heterothallic

Amphigynous

P. cryptogea

2

A2

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

Non caducous

Internal

Non papillate

Heterothallic

Amphigynous

P. cinnamomi

1

A1

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

03‐0600

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

2

A2

03‐0617

Ellipsoid/Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

03‐0802

Obpyriform

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

03‐0814

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

2

A2

03‐0834

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

03‐0940

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

04‐0919

Ellipsoid/Ovoid

Caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

04‐1110

Spheroid/Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

04‐1114

Ellipsoid/Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

04‐1118

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

04‐1145

Spheroid/Ovoid

Non caducous

Sympodial,

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

04‐1231

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

Isolate
Number

Sporangia
Shape

Caducity

Sporangiophore
proliferation

Papilla

Oospore
production

Antheridium
attachment

Mating Trials
Trial
Pairing Species
No.

Type
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04‐1324

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

04‐1327

Ellipsoid

Non caducous

Internal

Non papillate

Heterothallic

Amphigynous

P. cinnamomi

1

A1

04‐1366

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

05‐0403

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

05‐0491

Ellipsoid/Ovoid

Non caducous

Internal/Nested

Non papillate

Heterothallic

Amphigynous

P. cryptogea

2

A2

05‐0690

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

05‐0692

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

05‐0749

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

05‐0791

Ellipsoid/Ovoid

Caducous

Sympodial,

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

05‐0798

Ellipsoid/Ovoid

Non caducous

Nested

Non papillate

Heterothallic

Amphigynous

P. cinnamomi

1

A2

05‐0867

Spheroid/Ovoid

Caducous

Sympodial,

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

05‐0911

Ellipsoid/Ovoid

Caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

05‐0930

Ellipsoid/Ovoid

Non caducous

Nested

Non papillate

Heterothallic

Amphigynous

P .drechsleri

2

A1

05‐0931

Ellipsoid/Ovoid

Non caducous

Internal

Non papillate

Heterothallic

Amphigynous

P .drechsleri

2

A1

05‐0946

Ellipsoid/Ovoid

Non caducous

Sympodial

Non papillate

Heterothallic

Amphigynous

P .drechsleri

1

A1

05‐0995

Ellipsoid/Ovoid

Non caducous

Sympodial,Internal

Semipapillate

Heterothallic

Amphigynous

P. cinnamomi

1

A2

06‐0447

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

06‐0496

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

06‐0581

Ellipsoid

Caducous

long pedicel

Papillate

Unknown

P. tropicalis/capsici

x

?

06‐0989

Ellipsoid

Non caducous

Sympodial, long

Non papillate

Heterothallic

Amphigynous

P. cryptogea

2

A2

06‐0991

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

06‐1040

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A1

06‐1129

Ovoid

Non caducous

Sympodial

Non papillate

Heterothallic

Amphigynous

P. drechsleri

1

A1

06‐1142

Ellipsoid/Ovoid

Caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

2

A1

07‐0248

Ellipsoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

2

A2

Isolate
Number

Sporangia
Shape

Caducity

Sporangiophore
proliferation

Papilla

Oospore
production

Antheridium
attachment

Mating Trials
Trial
Pairing Species
No.

Type
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07‐0303

Ellipsoid

Non caducous

Sympodial

(Bi)Papillate

Unknown

P. citrophthora?

x

?

07‐0495

Ellipsoid

Non caducous

Sympodial

Papillate

Unknown

P. citrophthora?

x

?

07‐0521

Ellipsoid/Ovoid

Non caducous

Nested

Non papillate

Heterothallic

Amphigynous

P. cryptogea

2

A2

07‐0522

Ellipsoid/Ovoid

Non caducous

Sympodial,

Semipapillate

Heterothallic

Amphigynous

P. cinnamomi

1

A1

07‐0662

Spheroid/Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

07‐0684

Spheroid/Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

07‐0708

Spheroid/Ovoid

Non caducous

Sympodial

Non papillate

Heterothallic

Amphigynous

P. cinnamomi

1

A2

07‐1265

Ovoid

Non caducous

Sympodial

Semipapillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

07‐1391

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

08‐0655

Ellipsoid

Non caducous

Nested

Non papillate

Heterothallic

Amphigynous

P. drechsleri

3

A2

08‐0774

Ovoid

Non caducous

Sympodial

Papillate

Heterothallic

Amphigynous

P. nicotianae

1

A2

08‐1363

Ellipsoid/Ovoid

Non caducous

Sympodial

Non papillate

Heterothallic

Amphigynous

P. drechsleri

2

A2

Tulip VE‐1

Ovoid

Non caducous

Sympodial

Semipapillate

Homothallic

Paragynous
Amphigynous

H

MD CMH

Ellipsoid

Caducous

Sympodial,

Papillate

Heterothallic

P. nicotianae

2

A1

K18

Ellipsoid/Ovoid

Non caducous

Internal

Non papillate

Unknown

P. drechsleri?

1

?

PIN 1

Ellipsoid

Non caducous

Sympodial

Semipapillate

Unknown

P. citrophthora?

1

?

Appendix C
List of all isolates used in this study: Mefenoxam sensitivity
Mefenoxam Sensitivity
Isolate

10 ppm

100 ppm

Number

Mean

Sensitivity

Mean

Sensitivity

96‐0646

2.7

Sensitive

2.0

Sensitive

96‐1433

0.4

Sensitive

2.0

Sensitive

97‐2309

0.7

Sensitive

0.0

Sensitive

97‐2466

1.2

Sensitive

0.3

Sensitive

98‐2590

3.0

Sensitive

0.5

Sensitive

99‐1940

0.2

Sensitive

0.0

Sensitive

99‐2222

3.0

Sensitive

1.5

Sensitive

00‐1182

3.0

Sensitive

2.0

Sensitive

00‐1531

1.2

Sensitive

0.8

Sensitive

00‐1694

1.0

Sensitive

0.3

Sensitive

00‐1994

3.0

Sensitive

2.3

Sensitive

00‐2449

1.8

Sensitive

2.2

Sensitive

01‐1284

2.8

Sensitive

1.7

Sensitive

02‐0675

2.0

Sensitive

0.8

Sensitive

02‐0777

2.3

Sensitive

0.0

Sensitive

02‐0781

0.7

Sensitive

0.5

Sensitive

02‐0875

1.4

Sensitive

2.0

Sensitive

02‐0912

3.0

Sensitive

0.8

Sensitive

02‐1047

0.7

Sensitive

0.0

Sensitive

02‐1054

2.7

Sensitive

2.0

Sensitive

02‐1065

2.3

Sensitive

2.8

Sensitive

02‐1091

1.9

Sensitive

2.3

Sensitive

02‐1268

1.7

Sensitive

2.0

Sensitive

02‐1283

5.0

Resistant

5.0

Resistant

02‐1320

0.3

Sensitive

2.0

Sensitive

02‐1333

1.9

Sensitive

1.0

Sensitive

02‐1338

2.5

Sensitive

2.2

Sensitive

02‐1362

1.9

Sensitive

0.7

Sensitive

02‐1441

0.8

Sensitive

2.5

Sensitive

03‐0222

2.8

Sensitive

2.7

Sensitive

03‐0448

2.8

Sensitive

2.3

Sensitive

03‐0524

1.7

Sensitive

1.3

Sensitive

113

Mefenoxam Sensitivity
Isolate

10 ppm

100 ppm

Number

Mean

Sensitivity

Mean

Sensitivity

03‐0525

0.5

Sensitive

0.5

Sensitive

03‐0599

2.5

Sensitive

2.2

Sensitive

03‐0600

2.5

Sensitive

2.0

Sensitive

03‐0617

2.5

Sensitive

2.5

Sensitive

03‐0802

2.0

Sensitive

2.3

Sensitive

03‐0814

2.2

Sensitive

1.8

Sensitive

03‐0834

2.5

Sensitive

2.2

Sensitive

03‐0940

5.0

Resistant

4.0

Resistant

04‐0919

1.8

Sensitive

2.2

Sensitive

04‐1110

2.8

Sensitive

2.0

Sensitive

04‐1114

0.2

Sensitive

1.0

Sensitive

04‐1118

2.7

Sensitive

2.3

Sensitive

04‐1145

3.7

Sensitive

3.3

Sensitive

04‐1231

2.7

Sensitive

2.0

Sensitive

04‐1324

2.7

Sensitive

2.2

Sensitive

04‐1327

1.7

Sensitive

0.0

Sensitive

04‐1366

2.3

Sensitive

2.7

Sensitive

05‐0403

1.6

Sensitive

1.0

Sensitive

05‐0491

3.0

Sensitive

2.2

Sensitive

05‐0690

5.0

Resistant

5.0

Resistant

05‐0692

3.0

Sensitive

3.0

Sensitive

05‐0749

3.0

Sensitive

2.2

Sensitive

05‐0791

2.5

Sensitive

1.8

Sensitive

05‐0798

1.7

Sensitive

0.0

Sensitive

05‐0867

0.8

Sensitive

1.5

Sensitive

05‐0911

2.0

Sensitive

1.5

Sensitive

05‐0930

0.6

Sensitive

0.0

Sensitive

05‐0931

2.7

Sensitive

0.0

Sensitive

05‐0946

4.2

Resistant

1.8

Sensitive

05‐0995

3.0

Sensitive

2.2

Sensitive

06‐0447

2.3

Sensitive

2.0

Sensitive

06‐0496

3.0

Sensitive

2.0

Sensitive

06‐0581

3.3

Sensitive

3.2

Sensitive

06‐0989

2.0

Sensitive

0.7

Sensitive

06‐0991

3.0

Sensitive

3.0

Sensitive

06‐1040

1.8

Sensitive

2.0

Sensitive
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Mefenoxam Sensitivity
Isolate

10 ppm

100 ppm

Number

Mean

Sensitivity

Mean

Sensitivity

06‐1129

2.7

Sensitive

0.2

Sensitive

06‐1142

1.7

Sensitive

0.3

Sensitive

07‐0248

2.7

Sensitive

0.8

Sensitive

07‐0303

2.0

Sensitive

0.2

Sensitive

07‐0495

0.7

Sensitive

0.2

Sensitive

07‐0521

1.3

Sensitive

1.0

Sensitive

07‐0522

2.7

Sensitive

2.2

Sensitive

07‐0662

4.5

Resistant

5.0

Resistant

07‐0684

2.7

Sensitive

2.3

Sensitive

07‐0708

1.8

Sensitive

0.8

Sensitive

07‐1265

2.8

Sensitive

2.2

Sensitive

07‐1391

1.3

Sensitive

2.0

Sensitive

08‐0655

3.8

Sensitive

2.0

Sensitive

08‐0774

2.2

Sensitive

2.0

Sensitive

08‐1363

0.7

Sensitive

0.0

Sensitive

Tulip VE‐1

3.0

Sensitive

1.8

Sensitive

MD CMH

4.0

Resistant

4.0

Resistant

K18

0.7

Sensitive

0.0

Sensitive

PIN 1

2.4

Sensitive

0.2

Sensitive
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Appendix D
List of all isolates used in this study: Molecular characters and species identification (far right column)
Isolate

ITS‐RFLPs

Cox‐RFLPs

Number

AluI

MspI

96‐0646

550, 210, 190

400, 210, 170, 150

96‐1433

720, 120

260, 160, 130, 125

97‐2309

730, 190

400, 210, 165, 150

97‐2466

730, 190

AluI
700, 300, 270,
230, 180

Database ITS‐Sequence Sp. Homology
Phytophthora
database
Phytophthora‐ID

Phytophthora sp.

MspI

GenBank

P. cinnamomi

P. cinnamomi

1700, 200

P. cinnamomi
P. cryptogea/
P. drechsleri

P. drechsleri

P. cryptogea

P. sp. "niederhauserii"

P. sojae

P. sp.‐clemson1

P. sp. "niederhauserii"

P. sojae

P. sp.‐clemson1

P. drechsleri
P. cinnamomi

P. drechsleri
P. cinnamomi var.
parvispora
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98‐2590

720, 120

400, 210, 165, 150
260, 180, 160, 125,
100

99‐1940

550, 210, 200

400, 210, 180, 150

P. drechsleri
P. cinnamomi var.
parvispora

99‐2222

550, 210, 190

400, 210, 170, 150

P. cinnamomi

P. cinnamomi

P. cinnamomi

00‐1182

400, 210, 170, 150

P. cinnamomi

410, 390, 120

P. cinnamomi
P. nicotianae/
P. xpelgrandis

P. cinnamomi

00‐1531

550, 210, 190
740, 620, 170,
120

00‐1694

730, 190

400, 210, 165, 150

P. sp. "niederhauserii"

P. sojae

P. sp.‐clemson1

00‐1994

550, 210, 190

400, 210, 170, 150

P. cinnamomi

P. cinnamomi

P. cinnamomi

00‐2449

500, 170, 150

P. palmivora

P. palmivora
P. drechsleri/
P. cryptogea

P. palmivora

P. drechsleri

P. cryptogea

P. citricola

P. citricola

P. citricola

P. cryptogea

P. drechsleri

01‐1284

720, 120

510, 390
260, 180, 160, 125,
100

02‐0675

720, 120

260, 160, 130, 125

02‐0777

540, 180, 165

380, 300, 220

700, 300, 270,
230, 200, 150, 140

1400, 600,
370

700, 300, 270,
230, 200, 150, 140
700, 300, 270,
230, 180

1400, 600,
370
1600, 500,
200

700, 300, 270,
230, 180

1600, 500,
200

P. drechsleri
P. drechsleri/
P. cryptogea

P. nicotianae

P. cinnamomi

P. nicotianae

P. nicotianae

P. drechsleri

02‐0781

720, 120

260, 160, 130, 125

P. sp. "kelmania"

P. cryptogea

02‐0875

500, 170, 150

510, 390

P. palmivora

P. palmivora

P. palmivora

02‐0912

550, 210, 190

400, 210, 170, 150

P. cinnamomi

P. cinnamomi

P. cinnamomi

02‐1047

550, 210, 190

400, 210, 170, 150

P. cinnamomi

P. cinnamomi

P. cinnamomi

ITS‐RFLPs

Cox‐RFLPs

Database ITS‐Sequence Sp. Homology
Phytophthora
database
Phytophthora‐ID

Phytophthora sp.
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Isolate
Number

AluI

MspI

02‐1054

550, 210, 190

400, 210, 170, 150

P. cinnamomi

P. cinnamomi

P. cinnamomi

02‐1065

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

02‐1091

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

02‐1268

500, 170, 150

510, 390

P. palmivora

P. palmivora

P. palmivora

02‐1283

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

02‐1320

500, 170, 150

510, 390

P. palmivora

P. palmivora

P. palmivora

02‐1333

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

02‐1338

500, 170, 150

510, 390

P. palmivora

P. palmivora

P. palmivora

02‐1362

610, 270

390, 370

P. sp. "lagoariana"

P. sp. "lagoariana"

02‐1441

500, 170, 150

510, 390

P. palmivora

P. palmivora

P. palmivora

P. cryptogea

P. cryptogea

P. cryptogea

P. nicotianae

P. nicotianae

P. nicotianae

03‐0222

720, 120

260, 160, 130, 125

03‐0448

740, 120

410, 390, 120

AluI

700, 300, 270,
230, 180

MspI

1700, 200

GenBank

P. sp "lagoariana"

P. sp.‐clemson2

03‐0524

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

03‐0525

550, 210, 190

400, 210, 170, 150

P. cinnamomi

P. cinnamomi

P. cinnamomi

03‐0599

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

03‐0600

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

03‐0617

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

03‐0802

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

03‐0814

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

03‐0834

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

03‐0940

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

04‐0919

500, 170, 150

510, 390

P. palmivora

P. palmivora

P. palmivora

04‐1110

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

04‐1114

500, 170, 150

510, 390

P. palmivora

P. palmivora

P. palmivora

04‐1118

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

Isolate
Number

ITS‐RFLPs

Cox‐RFLPs
AluI
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MspI

04‐1145

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

04‐1231

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

04‐1324

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

04‐1327

550, 210, 190

400, 210, 170, 150

P. cinnamomi

P. cinnamomi

P. cinnamomi

04‐1366

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

05‐0403

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

05‐0491

720, 120

260, 160, 130, 125

P. cryptogea

P. cryptogea

P. cryptogea

05‐0690

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

05‐0692

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

05‐0749

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

05‐0791

500, 170, 150

510, 390

P. palmivora

P. palmivora

P. palmivora

05‐0798

550, 210, 190

400, 210, 170, 150

P. cinnamomi

P. cinnamomi

P. cinnamomi

05‐0867

500, 170, 150

510, 390

P. palmivora

P. palmivora

P. palmivora

05‐0911

500, 170, 150

P. palmivora

P. palmivora

P. palmivora

P. drechsleri

P. drechsleri

P. drechsleri

P. drechsleri
P. drechsleri/
P. cryptogea

P. drechsleri

P. drechsleri

1700, 200

GenBank

Phytophthora sp.

AluI

700, 270, 230, 180

MspI

Database ITS‐Sequence Sp. Homology
Phytophthora
database
Phytophthora‐ID

05‐0946

720, 120

510, 390
260, 180, 160, 125,
100
260, 180, 160, 125,
100
260, 180, 160, 125,
100

P. drechsleri

P. drechsleri

05‐0995

550, 210, 190

400, 210, 170, 150

P. cinnamomi

P. cinnamomi

P. cinnamomi

06‐0447

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

06‐0496

740, 120
730, 540, 180,
150

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

P. capsici
P. cryptogea

P. capsici/P. tropicalis
P. cryptogea/P.
drechsleri

05‐0930

720, 120

05‐0931

720, 120

06‐0581

700, 300, 270,
230, 200, 150, 140
700, 300, 270,
230, 200, 150, 140
700, 300, 270,
230, 200, 150, 140

1400, 600,
370
1400, 600,
370
1400, 600,
370

360, 300, 220
700, 300, 270,
230, 180

1700, 200

P. tropicalis

P. tropicalis

06‐0989

720, 120

260, 160, 130, 125

P. cryptogea

06‐0991

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

06‐1040

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

Isolate
Number

ITS‐RFLPs
AluI

06‐1129

720, 120

MspI
260, 180, 160, 125,
100

06‐1142

500, 170, 150

07‐0248

Cox‐RFLPs
AluI
700, 300, 270,
230, 200, 150, 140

MspI
1400, 600,
370

GenBank

Database ITS‐Sequence Sp. Homology
Phytophthora
database
Phytophthora‐ID

Phytophthora sp.

P. drechsleri

P. drechsleri

P. drechsleri

510, 390

P. palmivora

P. palmivora

P. palmivora

540, 180, 175

370, 300, 220

P. citrophthora

P. citrophthora

P. citrophthora

07‐0303

540, 180, 175

370, 300, 220

P. citrophthora

P. citrophthora

P. citrophthora

07‐0495

540, 180, 175

370, 300, 220

P. citrophthora
P. cryptogea/
P. drechsleri

P. citrophthora

P. citrophthora

P. drechsleri

P. cryptogea

P. cinnamomi

P. cinnamomi

P. cinnamomi

700, 470, 300,
270, 170

1600, 500,
200
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07‐0521

720, 120

260, 160, 130, 125

07‐0522

550, 210, 190

400, 210, 170, 150

07‐0662

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

07‐0684

740, 120

410, 390, 120

P. nicotianae

P. nicotianae

P. nicotianae

07‐0708

550, 210, 190

400, 210, 170, 150

P. cinnamomi

P. cinnamomi

P. cinnamomi

07‐1265

500, 170, 150

510, 390

P. palmivora

P. palmivora

P. palmivora

07‐1391

740, 120

410, 390, 120
260, 180, 160, 125,
100

P. nicotianae

P. nicotianae

P. nicotianae

700, 300, 270,
230, 200, 150, 140

1400, 600,
370

P. drechsleri

410, 390, 120
260, 180, 160, 125,
100

P. nicotianae

1400, 600,
370

P. nicotianae
P. drechsleri/
P. cryptogea

P. nicotianae

700, 300, 270,
230, 200, 150, 140

P. drechsleri

P. drechsleri

P. citricola

P. citricola

P. citricola

P. capsici/P. tropicalis

P. capsici/P. tropicalis

P. drechsleri

P. drechsleri

P. drechsleri

P. citrophthora

P. citrophthora

P. citrophthora

08‐0655

720, 120

08‐0774

740, 120

08‐1363

720, 120

Tulip VE‐1

540, 180, 165
730, 540, 180,
150

MD CMH

380, 300, 220

K18

720, 120

360, 300, 220
260, 180, 160, 125,
100

PIN 1

540, 180, 175

370, 300, 220

700, 300, 270,
230, 200, 150, 140

1400, 600,
370

P. drechsleri

P. tropicalis

P. capsici

